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EDITORIAL  NOTE 


The  Conference  reported  in  this  volume  took  place  at  the  De¬ 
partment  of  Botany,  University  of  Birmingham,  on  23rd  and  24th 
April  1965,  and  was  followed  by  a  field  meeting  to  Shropshire  on 
25th  April. 

The  theme  of  the  Conference  stemmed  from  suggestions  made 
by  several  members  of  the  B.S.B.I.  that  it  would  be  valuable  to 
discuss  the  reproductive  biology  of  flowering  plants  and  ferns  to 
arrive  at  a  better  understanding  of  variation  patterns  and  modes 
of  evolution.  It  was  appreciated  that  we  might  thus  be  stepping 
beyond  the  confines  of  the  subjects  which  directly  concern  the 
Society,  but  it  was  felt  that  with  a  wider  understanding  of  the 
dynamic  processes  of  evolution,  taxonomists  would  be  better  able 
to  make  the  appropriate  decisions  in  constructing  classifications 
and  delimiting  taxa.  In  the  event,  the  impression  was  given  that 
this  conference  had  been  a  success  and,  although  not  to  be  re¬ 
garded  as  a  precedent  to  be  followed  on  all  future  occasions,  the 
result  justifies  a  wider  approach  to  the  subject  matter  of  at  least 
some  of  our  future  conferences. 

The  Conference  was  divided  into  five  sessions,  wTith  a  sixth 
devoted  to  general  discussion  and  summing  up.  Breeding  systems, 
variation  and  adaptation  were  the  themes  of  the  first  session,  set¬ 
ting  the  pattern  for  the  rest  of  the  Conference.  The  practical  im¬ 
plications  of  a  knowledge  of  breeding  systems  and  other  aspects 
of  the  reproductive  biology  of  flowering  plants  were  treated  in  the 
second  session  on  plant  breeding.  In  the  third  session  pollination 
mechanisms  in  orchids  and  the  evolution  of  this  family  in  relation 
to  insect  evolution  were  stressed,  whilst  an  account  of  the  forag¬ 
ing  behaviour  of  honey  bees  emphasised  the  importance  to  the 
botanist  of  a  knowledge  of  the  behaviour  of  the  insects  that  pol¬ 
linate  the  plants  he  is  studying. 

The  fourth  session  began  with  some  salutary  warnings  about 
our  lack  of  knowledge  of  the  mechanisms  of  plant  dispersal  and 
establishment,  whilst  a  discussion  of  aspects  of  seed  dormancy 
and  germination  and  a  study  of  reproductive  capacity  related  to 
evolutionary  processes  rounded  off  a  session  of  great  interest, 
followed  by  much  discussion.  The  fifth  session  dealt  with  many 
aspects  of  apomixis  in  its  wider  sense  and  showed  how  the  varia¬ 
tion  patterns  of  apomicts  were  due  to  this  special  mode  of  repro¬ 
duction.  The  summing  up  in  the  sixth  session  was  followed  by  a 
very  lively  discussion  ranging  over  the  whole  of  the  papers  read 
during  the  two  days. 

The  texts  of  the  papers  are  given  in  the  sequence  in  which 
they  were  read.  The  discussions,  which  took  place  either  after 
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each  paper  or  at  the  end  of  each  session,  are  not  presented  as 
verbatim  accounts.  Instead,  we  have  tried  to  give  the  essence 
of  what  was  said,  though  we  have  made  some  changes  in  the 
sequence  of  contributions  so  as  to  present  a  more  easily  readable 
summary.  Unfortunately,  no  report  was  made  of  the  discussions 
that  took  place  after  the  first  session. 

In  addition  to  the  paper-reading  sessions  there  were  two  show¬ 
ings  of  films  on  pollination ;  in  particular,  it  was  a  great  privilege 
to  see  the  recently  completed  film  on  pseudocopulation  in  Ophrys, 
kindly  sent  on  loan  from  Sweden  by  Professor  Kullenberg.  A 
small  number  of  exhibits  on  the  theme  of  the  Conference  was 
provided  by  members,  and  tours  of  the  Botany  Department  and 
the  University  Botanic  Gardens  were  arranged. 

The  excursion  to  Shropshire,  led  by  Mr.  Charles  Sinker,  was 
well  attended.  Even  though  the  season  was  not  well  advanced 
it  was  still  possible  to  obtain  a  fair  idea  of  the  vegetation  of  the 
twTo  or  three  areas  visited,  including  the  Wyre  Forest  and  Cather- 
ton  Common. 

The  Society  is  indebted  to  the  British  Council  and  to  the  Royal 
Society  for  kindly  providing  grants  which  enabled  us  to  invite 
Dr.  van  der  Pijl  from  Holland  and  Professor  Nygren  from  Sweden 
to  take  part  in  the  Conference. 

I  should  like  to  place  on  record  my  personal  thanks  to  those 
members  of  the  Society  wTho  helped  with  the  organisation  of  this 
Conference,  and  especially  to  the  Meetings  Secretary,  Mrs.  Mary 
Briggs,  and  the  Treasurer,  Mr.  J.  C.  Gardiner.  I  should  like  also 
to  thank  Dr.  W.  Tucker,  Mr.  Philip  Smith  and  Mr.  Richard  Tarn 
for  helping  with  the  transcription  of  the  discussions  and  to  mv 
secretary,  Miss  Deidre  Allee,  for  helping  so  efficiently  with  the 
arrangements  and  dealing  with  correspondence.  Thanks  are  also 
due  to  Mr.  D.  H.  Kent,  who  kindly  assisted  with  the  proof  reading. 


J.  G.  Hawkes. 
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10.00  a.m. 
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11.15 
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Prof.  K.  Mather,  C.B.E.,  D.Sc.,  F.R.S.  Professor  of 
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“The  genetic  integration  of  breeding  systems”. 
Coffee. 
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“The  reproductive  biology  of  some  leguminous 
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2.45  Dr.  E.  L.  Breese.  Welsh  Plant  Breeding  Station, 
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“Reproduction  in  Ryegrasses”. 

3.15  Discussion. 

3.45  Tea. 

3. — Pollination  Mechanisms 

4.15  p.m.  Prof.  L.  van  der  Pijl.  The  Hague,  Holland. 

“Pollination  mechanisms  in  Orchids”. 

5.00  Dr.  J.  B.  Free.  Rothamsted  Experimental  Station, 
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“The  foraging  behaviour  of  bees  and  its  effects  on 
the  isolation  and  speciation  of  plants”. 

5.30  Discussion. 

6.30  RECEPTION  GIVEN  BY  BIRMINGHAM 

UNIVERSITY. 

7.30  CONFERENCE  DINNER. 

8.30  Exhibition  Meeting  and  Films,  in  the  Biology 

Building. 
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SATURDAY,  April  24th 

4. — Reproductive  Capacity  and  Plant  Distribution 

9.30  a.m.  Prof.  D.  A.  Webb,  Pli.D.  Professor  of  Botany  and 

Plant  Biology,  Trinity  College,  Dublin. 

‘‘Dispersal  and  establishment :  what  do  we 
really  know?” 

10.15  Prof.  P.  F.  Wareing,  Ph.D.,  D.Sc.  Professor  of 

Botany,  University  College  of  Wales,  Aberystwyth. 
“Ecological  aspects  of  seed  dormancy  and 
germination”. 

10.45  Coffee. 

11.15  Dr.  J.  L.  Crosbv.  Dent,  of  Botanv,  Durham  Uni- 

versity. 

“Reproductive  capacity  in  the  study  of 
evolutionary  processes”. 

11.45  Discussion. 

12.15  p.m.  B.S.B.I.  Annual  General  Meeting  followed  by  Mid¬ 

lands  Regional  Meeting. 

1.00  Lunch. 

5—  Apomixis  (including  Vegetative  Reproduction) 

2.15  p.m.  Prof.  A.  Nygren.  Professor  of  Genetics,  Royal  Agri¬ 
cultural  College  of  Sweden,  Uppsala. 

“Apomixis  in  the  Angiosperms,  with  special  reference 
to  Calamagrostis  and  Poa”. 

3.00  Dr.  G.  Haskell.  Dept,  of  Genetics,  Scottish  Horti¬ 

cultural  Research  Institute,  Dundee. 

“The  history,  taxonomy  and  breeding  system 
of  apomictic  British  Rubi”. 

3.30  Dr.  T.  G.  Walker.  Dept,  of  Botany,  University  of 

Newcastle  upon  Tyne. 

“Apomixis  and  vegetative  reproduction  in  Ferns”. 
4.00  Tea. 

4.30  Dr.  S.  M.  Walters.  Botany  School,  Cambridge. 

“The  taxonomic  implications  of  apomixis”. 

5.00  Discussion. 

6—  General  Discussion 

5.30  p.m.  Opened  by:  Prof.  D.  H.  Valentine,  Ph.D.  Professor 

of  Botany,  Durham  University. 

6.30  Exhibition  Meeting  and  Films,  in  the  Biology 

Building. 

7.30  Dinner. 


SUNDAY,  April  25th 

Excursion  to  Wyre  Forest  and  Shropshire 
Leader:  Charles  Sinker 
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SESSION  1 

BREEDING  SYSTEMS,  VARIATION  AND  ADAPTATION 


BREEDING  SYSTEMS  AND  RESPONSE  TO  SELECTION 

Kenneth  Mather 

(Department  of  Genetics,  University  of  Birmingham) 


It  is  the  function  of  the  reproductive  system  of  any  living 
organism  to  produce  offspring;  but  merely  to  produce  offspring 
is  not  enough.  To  be  successful  the  system  must  satisfy  further 
requirements  imposed  by  natural  selection — requirements  which 
are  in  fact  not  always  the  same.  The  offspring  must  be  like  their 
parents  and  like  one  another  in  so  far  as  the  environment  is  constant 
and  the  parent  individuals  are  well  adjusted  to  it.  Natural 
selection  is  then  acting  in  a  stabilising  manner.  The  offspring, 
however,  should  not  be  exactly  like  their  parents  and  should  vary 
among  themselves  insofar  as  the  environment  is  changing  or  the 
parents  are  not  fully  adjusted  to  it,  for  only  by  the  occurrence  of 
such  variation  can  natural  selection  be  given  the  opportunity  of 
continuing  the  process,  or  improving  the  level,  of  adaptation. 
Natural  selection  is  then  acting  in  a  directional  fashion.  Thus 
stabilising  selection  puts  a  premium  on  the  reduction  or  even 
elimation  of  variation  among  offspring,  while  directional 
selection  puts  a  premium  on  the  occurrence  of  at  least  some 
variation  among  them.  The  two  types  of  natural  selection  may — 
and,  indeed,  do — succeed  one  another  in  acting  on  a  single  lineage 
of  plants  and  they  may  be  acting  simultaneously  on  different 
lineages  among  plants  of  the  same  population ;  but,  whether 
successive  or  simultaneous,  they  impose  prospectively  conflicting 
requirements  on  the  system  of  reproduction.  How  do  plants 
resolve  this  conflict? 

Systems  of  reproduction 

Let  us  first  look  at  the  systems  of  reproduction  that  we  find. 
They  fall  into  three  great  classes,  asexual,  pseudo-sexual  and 
sexual,  each  of  which  has  its  own  properties  in  relation  to  variation. 

Asexual  or  vegetative  reproduction  is  invariant  genetically  in  that, 
mutation  apart,  all  the  offspring  have  the  same  genetic  constitu¬ 
tion  as  the  parent.  It  thus  completely  meets  the  one  requirement 
of  avoiding  variation,  but  by  the  same  token  fails  to  meet  the 
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other.  No  genetical  readjustment  to  a  changing  environment  is 
thus  possible  with  asexual  reproduction.  In  the  short  run  this  is 
not  necessarily  a  handicap,  for  trends  may  be  absent  or  at  least 
insignificant  in  the  environment  over  subtsantial  periods  of  time, 
and  indeed  the  fossil  record  shows  us  forms  which  have  hardly 
changed,  and  therefore,  we  infer,  have  hardly  needed  to  change, 
over  periods  of  millions  of  years  and  millions  of  generations.  In 
the  vast  majority  of  cases,  however,  re-adjustment  to  a  changed 
environment  will  be  necessary  and  then  asexual  reproduction  must 
fail.  It  may  also  fail  in  another  respect,  for  coupled  with  the  near 
constancy  it  ensures  in  the  nuclear  genes  it  always  carries  a  risk 
of  degeneration  of  the  cytoplasm.  This  may  spring  from  the 
accumulation  of  virus  diseases,  with  which  we  are  painfully 
familiar  in  crops  such  as  potatoes  and  clonally  propagated  fruits ; 
but  it  might  also  arise  from  changes  which  appear  as  part  of  the 
normal  progression  of  differentiation  and  development.  As  yet, 
we  have  little  evidence  of  these  from  higher  plants  though  we  are 
familiar  with  them  in  certain  species  of  fungi.  The  imperfect 
fungi,  which  regularly  reproduce  asexually,  testify  that  these 
changes  can  be  avoided;  but  when  they  do  occur  they  can  be 
devastating  in  their  effects.  These  cytoplasmic  changes  in  fungi 
are  completely  eradicated  by  a  single  cycle  of  sexual  reproduction  : 
the  new  zygote  appears  always  to  start  life  with  a  standard,  or 
should  it  be,  restandardised  cytoplasm.  In  the  same  way,  viruses 
which  accumulate  in  higher  plants  are  transmitted  very  seldom 
indeed  to  sexual  progeny.  The  mechanism  of  eradication  or 
restandardisation  is  not  known  with  certainty  in  either  case,  and 
indeed  it  is  not  known  that  the  two  mechanisms  are  the  same. 
It  is,  however,  clear  that  sexual  reproduction  can  have  two 
functions:  it  is  the  stage  with  which  is  associated  segregation  and 
recombination  of  the  genes,  that  is  genetic  variability,  and  at  the 
same  time  the  stage  with  which  is  associated  the  reimposition  of 
cytoplasmic  uniformity. 

Pseudo-sexual  or  apomictic  reproduction  follows  several  patterns. 
Some  of  these  result  in  as  exact  a  reproduction  of  the  parent’s 
genetical  constitution  in  the  offspring  as  does  asexual  reproduction. 
In  other  patterns  of  apomixis  some  genic  segregation  and 
recombination  may  take  place  (sub-sexual  reproduction  as 
Darlington  has  called  it),  but  the  variation  which  the  offspring 
consequently  show  is  small  and  is  unlikely  to  be  repeated  for  more 
than  a  few  generations.  By  and  large  then,  apomicitic  reproduction 
is  a  system  characterised,  like  asexual  reproduction,  by  genetical 
invariance  and  as  such,  again  like  asexual  reproduction,  meets  the 
requirements  of  stabilising  selection  but  not  those  of  readjustment. 

It  is  worth  noting  that  since  in  asexual  reproduction  and  in 
many  patterns  of  apomixis,  meiosis  is  completely  avoided  the 
only  test  that  the  chromosome  complement  must  pass  is  that  of 
mitosis.  Thus  chromosome  complements  which  by  virtue  of 
number  or  structure  could  not  possibly  be  transmitted  sexually, 
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can  be  transmitted  faithfully  to  the  last  detail  asexually  or 
apomictically.  These  systems  of  reproduction  therefore  offer  the 
posibility  of  propagation  to  genotypes  which  sexually  could  never 
continue.  We  might  note  too  that  at  least  some  patterns  of 
apomixis  may  well  retain  sufficient  of  the  sexual  cycle  to  offer  the 
means  of  eradicating  any  cytoplasmic  degeneration,  so  avoiding  a 
risk  which  might  beset  asexual  reproduction. 


Sexual  reproduction  is  in  principle  a  system  of  variation.  Crossing 
among  genetically  different  individuals  leads  to  heterozvgotes 
which  in  turn  give  rise  to  segregation  and  recombination  of  the 
genes  in  their  progenies.  With  crossing,  segregation  and 
recombination,  there  is  a  steady  flow  of  the  variability  arising  from 
genetical  differences  among  the  member  plants  of  a  breeding 
population  or  community.  Some  of  this  variability  is  freely 
displayed  as  phenotypic  differences  among  the  plants  and  is  there¬ 
fore  available  to  the  action  of  natural  selection ;  some  of  it  on  the 
other  hand  is  hidden  in  the  genotypes  either  under  the  cloak  of 
heterozygosity  or  by  the  balancing  interaction  of  genes  affecting 
the  same  characters  but  in  opposite  ways.  This  hidden  or 
potential  variation  is  not  immediately  available  to  natural 
selection,  but  it  can  be  made  available  over  time  by  the  flow 
of  variability  arising  from  crossing,  segregation  and  recombina¬ 
tion.  The  distinction  between  free  and  potential  variation  is 
important,  since  the  immediate  uniformity,  or  near-uniformity, 
demanded  by  stabilising  selection  can  largely  be  achieved  if  the 
free  variation  is  held  down,  while  the  slow  release  of  potential 
variation  over  the  generations  can  provide  the  variation  needed 
for  readaptation. 

The  flow  of  variability  can  be  dried  up  and  sexual  reproduction 
turned  into  a  system  of  invariance  (like  asexual  and  pseudo-sexual 
reproduction)  by  the  suppression  of  crossing  or,  at  least  in  large 
measure,  by  the  suppression  of  recombination.  The  suppression  of 
segregation  from  heterozygotes  is  not  easy  to  achieve  within  the 
sexual  system  since  it  requires  elaborate  mechanisms  such  as  are 
found  only  in  a  few  species  like  the  ring-forming  Oenotheras.  The 
suppression  of  heterozygosity  itself  is,  however,  simply  brought 
about  by  the  imposition  of  an  inbreeding  system,  as  we  can  see 
from  the  many  examples  of  self-pollinating  plants  that  we  know. 
Recombination,  too,  can  be  regulated  by  adjustment  of  the  num¬ 
ber  of  chromosomes  and  the  distribution  of  crossing-over  within 
them.  Many  mechanisms  are  known  which  achieve  this  end.  So 
sexual  reproduction  can  result  in  genetical  invariance,  notably 
where  inbreeding  is  the  natural  system.  Equally  it  can  be  a 
system  of  variation  where  outbreeding  occurs,  which  means 
effectively  where  selfing  is  avoided,  for  random  mating  is  virtually 
the  maximum  outbreeding  that  can  be  achieved  in  a  population 
for  all  but  a  few  very  special  genes  themselves  regulating  the 
breeding  system.  So  sexual  reproduction  can  be  adjusted  to 
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satisfy  both  the  requirements  of  invariance  and  variation  by 
adjustment  especially  of  the  breeding  system.  But  how  far  can 
these  requirements  be  satisfied  simultaneously? 

Compromise  between  invariance  and  variation 

Clearly  a  species  cannot  simultaneously  be  wholly  invariant 
genetically  and  show  genetical  variation.  Some  compromise  must 
be  sought  and  it  could  come  about  by  having  a  restricted  but 
nevertheless  significant  amount  of  variation  present  prospectively 
in  all  lineages  of  a  population  at  all  times,  or  by  having  variation 
and  invariance  existing  side  by  side  either  in  different  lineages 
at  the  same  time  or — coming  to  the  same  thing — interspersed 
within  a  single  lineage  at  different  times. 

We  can  recognise  several  ways  in  which  compromise  is  in  fact 
achieved,  all  of  which,  however,  depend,  as  indeed  they  must, 
on  the  utilisation  of  sexual  reproduction  to  make  variation  avail¬ 
able  when  it  is  needed.  In  the  first  place  sexual  reproduction  may 
be  combined  with  the  asexual.  The  latter  will  give  faithful 
reproduction  when  variation  imposes  a  disadvantage,  while  the 
former  will  supply  the  variation  when  selection  demands  this  for 
effective  readaptation.  Clearly  the  sexual  reproduction  must  be 
of  the  out-breeding  kind  in  such  a  joint  system,  and  it  will  not 
merely  provide  variation  but  regulate  the  cytoplasm,  too,  where 
such  regulation  is  necessary.  Potatoes  provide  an  illustration  of 
such  a  compromise  and  many  others  will  spring  to  mind  among 
the  higher  plants.  It  is,  of  course,  a  commonplace  among  lower 
plants. 

Secondly,  facultative  apomixis  will,  by  its  combination  of  the 
sexual  and  the  pseudo-sexual,  achieve  a  compromise  similar  in 
principle  and  probably  in  effect  to  that  brought  about  by  combin¬ 
ing  sexual  and  asexual  reproduction.  Again  the  sexual  reproduction 
must  involve  outbreeding.  As  Professor  Nygren  will  tell  us, 
facultative  apomixis  in  its  various  forms  is  common  in  the  higher 
plants  and  widespread  in  its  distribution  among  them.  In  this 
it  stands  in  contrast  to  obligatory  apomixis,  no  doubt  because 
this  latter  denies  variation  to  the  species  and  with  it  the  ability 
to  readapt  when  readaptation  is  necessary  for  survival. 

Thirdly,  compromise  may  be  achieved  within  the  sexual 
system  and  again  it  may  be  achieved  in  two  ways.  The  first  of 
these  is  by  the  combination  of  inbreeding  and  outbreeding.  Many 
species  are  known  which  are  preponderantly  inbreeders,  but  which 
occasionally  out-cross.  So  most  lineages  will  be  approaching 
homozygosity  and  most  parents  will  be  producing  offspring 
substantially  like  themselves.  However,  in  a  few  lineages,  which 
have  originated  from  a  recent  cross,  segregation  and  recombination 
will  be  going  on  and  the  opportunity  for  readaptation  will  be 
present.  There  is  evidence  that  this  compromise  breeding  system 
has  provided  the  basis  for  success  in  species  like  the  wild  oats  of 
California. 
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The  retention  of  the  capacity  for  at  any  rate  occasional  out- 
breeding  in  a  preponderantly  inbreeding  species  is  important  in 
another  way.  There  is  ample  evidence  of  a  progress  towards 
inbreeding  from  outbreeding  in  many  species:  the  adaptation 
towards  inbreeding  can  be  seen  to  be  super-imposed  on  a  pre¬ 
existing  adaptation  to  outbreeding.  If  the  inbreeding  becomes 
complete,  however,  the  genetical  rigidity  consequent  on  it  will 
prevent  any  return  adaptation  towards  outbreeding:  like  other 
characters  the  breeding  system  can  no  longer  readapt  and  the 
evolutionary  future  of  the  species  is  correspondingly  limited.  So 
long,  on  the  other  hand,  as  even  occasional  outbreeding  is  retained, 
so  with  it  is  retained  the  capacity  for  a  return  towards  outbreed¬ 
ing  :  the  breeding  system  retains  flexibility  and  future  readaptation 
is  not  ruled  out.  The  last  step  towards  complete  inbreeding  is 
therefore  of  special  significance,  and  one  wonders  indeed  in  how 
many  species,  which  have  moved  towards  inbreeding,  it  has  been 
taken.  How  common,  in  fact,  are  fully  inbreeding  species  of 
plants  ? 

The  second  and  most  common  way  in  which  compromise  has 
been  reached  is  by  the  control  of  recombination.  If  genes 
affecting  the  same  character  are  linked  in  balanced  combinations 
the  variation  which  is  expressed  in  the  phenotype,  and  which 
militates  against  the  production  of  progeny  matching  their 
parents’  fitness  in  a  constant  environment,  is  reduced  and  may 
be  largely  eliminated.  Yet  so  long  as  any  recombination  occurs 
of  genes  within  these  combinations  their  potential  variability  can 
be  freed  to  permit  readaptation  to  changing  demands  of  the 
environment.  Thus  if  the  genes  A  and  B  pull  the  expression 
of  the  character  one  way  and  their  alleles  a  and  b  pull  it  the  other, 
the  combinations  Ab  and  aB  swallow  up,  as  it  were,  most  of  the 
variability  by  the  balancing  actions  of  the  genes  they  respectively 
contain.  But  recombination  will  produce  combinations  AB  and 
ab  of  more  extreme  expression  and  so  free  the  variability  to  the 
action  of  selection.  The  rate  of  release  of  the  variability,  and 
with  it  the  point  of  compromise  between  invariance  and  variance 
of  the  phenotype,  can  be  regulated  in  various  ways  by  adjustment 
of  the  frequency  and  distribution  of  the  points  of  crossing-over 
and  by  numerical  and  structural  changes  of  the  chromosomes  such 
as  are  a  commonplace  of  wild  populations  of  both  plants  and 
animals.  Indeed,  this  method  of  achieving  a  compromise, 
important  as  it  is  in  plants,  is  virtually  the  only  one  open  to 
animals  short  of  facultative  parthenogenesis,  for  their  breeding 
systems  show  little  sign  of  the  capacity  for  regulation  which  is  so 
striking  a  feature  of  plant  species. 


Compromise  and  the  life  cycle 

Compromise  can  be  achieved  in  a  variety  of  ways.  It  can  also 
be  struck  at  a  variety  of  levels  between  invariance  and  variation, 
and  these  levels  must  reflect  the  impact  of  environmental  change 
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on  the  species.  Now  the  environment  shows  three  elemental 
types  of  change.  One  is  the  trend  towards  lasting  alteration  and 
this  is  the  type  of  change  to  which  a  species  must  readapt  if  its 
future  is  to  be  secure. 

Such  trend  change  may,  however,  be  largely  obscured  over 
the  short-term  by  fluctuations  of  the  environment.  No  two  years, 
for  example,  are  quite  alike,  so  that  no  two  generations  of  an 
annual  plant  meet  quite  the  same  conditions.  Adjustment  to 
fluctuations  of  the  environment  are,  however,  of  little  value  to  a 
species  simply  because  they  are  fluctuations  with  no  more  than  a 
random  chance  of  repeating  themselves  in  the  environment  of  the 
next  generation.  Indeed,  so  far  as  adjustment  to  them  uses  up 
genetical  variation  it  may,  by  depleting  the  store  of  variability  on 
which  depends  adaption  to  trend  changes,  be  actively  deleterious. 

This  difficulty  is  encountered  in  an  even  more  pronounced  way 
with  the  third  type  of  environment  change.  To  the  ephemeral 
plant  or  animal  the  environment  is  also  changing  cyclically,  for 
successive  generations  will  meet  conditions  reflecting  the  pro¬ 
gression  of  the  seasons.  Continuing  adjustment  to  such  cycles  is 
impossible  and  the  inexorable  cycle  of  change  in  the  forces  of 
selection  could  squander  the  variability  of  the  species  in  a 
disastrous  fashion  if  the  store  of  variability  were  not  guarded  in 
some  way.  It  is  not  surprising  therefore  to  find  the  balance  of 
emphasis  on  invariance  and  the  conservation  of  variability  in 
ephemerals.  Among  plants  these  are  commonly  inbreeders,  no 
doubt  with  occasional  lapses  into  crossing.  Among  animals 
regulation  is  by  low  recombination,  as  for  example  in  Drosophila 
with  a  low  number  of  chromosomes,  no  crossing-over  in  the  male 
and  widespread  heterozygosity  for  inversions  within  the  chromo¬ 
somes.  The  tendency  towards  low  chromosome  number  and  low 
crossing-over  must  be  expected  in  plant  ephemerals  too,  but  the 
pressure  towards  them  will  be  lessened  by  the  availability  of  in- 
breeding  devices. 

Long-lived  species,  like  many  of  the  trees,  are  at  the  other  end 
of  the  spectrum.  Not  only  cyclical  changes  but  even  annual 
fluctuations  are  of  little  significance  to  such  plants.  Only  trend 
changes  have  any  importance  for  the  successive  generations  with 
so  long  a  life  cycle.  Variation  rather  than  invariance  is  therefore 
the  need  of  these  species  and  we  must  expect  them  to  be  out- 
breeders,  with  a  tendency  towards  the  loose  recombination 
favoured  by  higher  chromosome  number  and  high  crossing-over. 
The  annual  and  biennial  species  fall  in  between,  free  from  the 
need  for  avoiding  response  to  the  cyclical  changes  which  they 
absorb  in  their  life  cycle,  but  faced  with  the  hazards  of  response 
to  yearly  fluctuations  to  which,  unlike  long-lived  species,  they 
are  exposed.  The  reproductive  system  and  the  level  of  com¬ 
promise  it  achieves  must  reflect  the  life-cycle  of  the  species  and 
its  significance  can  be  judged  only  when  the  life  cycle  is  taken 
into  account. 


BREEDING  SYSTEMS  AND  RESPONSE  TO  SELECTION  19 

Conclusions 

Implicit  in  this  discussion  is  the  assumption  that  the  system 
of  reproduction,  asexual,  pseudo-sexual  or  sexual,  the  level  of 
inbreeding  and  outbreeding,  and  the  properties  of  the  chromo¬ 
somes  in  recombination  can  be  regulated  by  genetical  adjustment. 
There  is  no  shortage  of  evidence  that  this  is  so :  the  evidence  is 
so  extensive  in  fact  that  no  attempt  can  be  made  to  summarise 
it  here.  The  genetic  system,  to  use  Darlington’s  term,  is  indeed 
one  of  the  prime  adaptive  features,  perhaps  the  prime  adaptive 
feature  of  the  species,  since  on  it  all  other  adjustments  ultimately 
depend.  It  is  adjusted  by  the  pressure  of  natural  selection 
working  through  the  need  for  these  other  adjustments,  and  the 
genetic  systems  that  we  see  are  those  that  have  been  successful 
in  meeting  these  demands  in  the  past.  In  so  far  as  the  future 
will  resemble  the  past,  or  in  so  far  as  the  system  can  change  to 
meet  changing  demands,  it  will  survive  the  tests  to  come.  But 
many  species  must  have  failed  because  their  genetic  systems  were 
inadequate.  Indeed  in  an  ultimate  sense,  inadequacy  of  the 
genetic  system  must  be  the  basic  cause  of  failure  and  extinction. 
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Most,  if  not  all,  species  in  existence  to-day  must  have  in  the 
past  gone  through  a  crucial  testing  period  for  long-term  adapta¬ 
tion.  The  genetic  means  for  long  term  adaptation  in  diploid 
organisms  resides  in  the  segregation  and  recombination  of  genes 
stored  in  heterozygotes.  The  most  efficient  breeding  system  for 
the  preservation  of  heterozygosity  is  cross-breeding  at  random 
between  all  individuals  of  a  population.  Flowering  plants  have 
evolved  a  perfect  means  of  ensuring  random  crossing  by  the 
system  of  multi-allelic  incompatibility,  for  with  a  modest  number 
of  twenty  different  alleles  (the  actual  number  is  probably  300  to 
400)  the  probability  of  any  two  plants  being  cross-incompatible 
is  almost  exactly  0-5%.  Animals  have  to  manage  with  separation 
of  the  sexes  for  random  crossing  in  which  the  frequency  of  cross¬ 
incompatibility,  female  x  female  and  male  x  male,  is  one  hundred 
times  higher  at  50%.  However,  advantages  for  other  reasons  of 
separating  the  sexes  in  animals  must  be  apparent  to  all,  but  these 
do  not  apply  to  plants. 

There  are  three  wTell-known  systems  of  multi-allelic  incompati¬ 
bility,  and  their  distribution  throughout  families  is  highly 
significant,  for  example  the  Gramineae  has  the  two-locus 
gametophytic  system,  the  Leguminosae,  Scrophulariaceae, 
Solanaceae,  etc.,  have  the  one-locus  gametophytic  system  and  the 
Cruciferae  and  Compositae  have  the  sporophytic  system.  One  or 
two  exceptionally  diffuse  familes,  such  as  the  Rubiaceae,  have 
more  than  one  incompatibility  system. 

The  familial  distribution  and  results  from  interspecific  and 
intergenic  crosses  (Lewis  and  Crowe,  1958)  indicate  that  the 
incompatibility  systems  are  ancient  features  of  the  flowering 
plants.  Some  families,  such  as  the  Umbelliferae,  appear  to  lack 
incompatibility  altogether.  Some  species  in  a  family  with  long- 
established  incompatibility  are  self-compatible,  and  the  evidence 
is  that  in  these  cases  self-compatibility  is  secondary.  I  do  not 
intend  to  elaborate  on  the  systematic  distribution;  this  has  been 
done  by  Brewbaker  (1959),  Pandey  (1960)  and  Crowe  (1964).  I 
intend  to  show  how  incompatibility  has  been  integrated  genetically 
to  suit  the  type  of  plant,  and  to  show  some  of  the  consequences  of 
the  system  on  the  past  evolution  of  families  of  plants. 

One  long-term  adaptation  is  that  a  species  should  have  the 
potentiality  to  switch  to  inbreeding  whenever  the  necessity  arose. 
The  change  to  self-compatibility,  if  needed  for  reasons  of  isolation 
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or  lack  of  a  pollinator,  is  in  the  gametophytic  system  brought 
about  by  a  simple  mutational  change  which,  under  conditions  of 
self-pollination,  is  rigorously  selected.  Mutation  to  self¬ 
compatibility,  Sc,  occurs  at  frequencies  of  1  in  107,  and  in  the 
gametophytic  system  such  mutations  are  the  only  ones  to  be 
represented  in  the  offspring  of  self-pollination  (Lewis,  1951).  Any 
species  with  a  gametophytic  system  therefore  has  a  built-in 
insurance  against  enforced  inbreeding  so  that  it  will  be  able  to 
survive  complete  isolation.  The  sporophytic  system,  in  which  the 
pollen  reaction  is  determined  sporphytically  and  not  gameto- 
phytically,  does  not  have  all  these  advantages  to  switch  to 
inbreeding  if  the  necessity  arose.  Undoubtedly  in  the  sporophytic 
system  the  S1  gene  mutates  to  a  self-compatibility  allele  Sc,  but 
this  has  not  been  experimentally  demonstrated.  The  reason  for 
this  is  that  the  Sc  allele  would  not  be  immediately  expressed  and 
therefore  would  not  be  selected  in  self-pollination.  It  is  this  lack 
of  selection  that  makes  the  sporophytic  system  less  adaptable  to 
meet  the  sudden  need  for  inbreeding.  It  is  tempting  to  think  that 
species  with  sporophytic  systems  have  turned  to  other  means  of 
allevating  isolation,  for  example  apomixis,  and  although 
apomixis  is  perhaps  most  common  in  the  Compositae,  which  is  a 
family  with  sporophytic  incompatibility,  no  very  close  correlation 
can  be  found  between  the  type  of  incompatibility  and  apomixis. 

Polyploidy  and  Self-Incompatibility 

A  factor  of  considerable  importance  in  plant  evolution  and 
speciation  is  polyploidy.  Autopolyploidy  has  very  different  con¬ 
sequences  on  different  incompatibility  systems.  In  the  gameto¬ 
phytic  one-locus  system  found  in  the  Scrophulariaceae,  Solanaceae, 
Onagraceae,  Rosaceae  and  Leguminosae  one  important  effect  of 
autopolyploidy  is  to  convert  the  plant,  immediately  without  any 
selection,  to  self-compatibility.  This  is  due  to  interactions  of 
different  S  alleles  in  diploid  pollen  grains.  But  not  all  S  genotypes 
are  made  self-compatible,  and  the  proportions  of  genotypes  that 
react  in  this  way  are  different  in  different  families.  For  example, 
all  thirteen  genotypes  of  Petunia  axillaris  tested  are  self- 
compatible  in  the  autotetraploid  form,  but  only  2  out  of  38  are  in 
Trifolium  hybridum  (Stout  and  Chandler,  1941;  Brewbaker,  1953). 
But  the  big  contrast  is  found  between  the  systems.  Auto¬ 
polyploidy  has  no  effect  on  the  sporophytic  system  found  in  the 
Compositae  and  Cruciferae  or  in  the  sporophytic  heterostyled 
species.  All  autotetraploids  are  self-incompatible  and  the  out- 
breeding  properties  of  the  system  are  not  disturbed.  A  similar 
lack  of  effect  of  polyploidy  is  found  in  the  two-locus  system  in  the 
Gramineae  (Lundquist,  1957).  The  reason  for  this  difference 
detween  the  systems  is  due  to  the  different  time  and  place  of  S 
gene  action  in  the  pollen. 

It  is  instructive  to  examine  the  proportion  of  natural  polyploid 
species  for  the  distribution  of  incompatibility.  In  the  Rosaceae 
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with  a  gametophytic  system  Prunus  avium  is  self-incompatible 
while  Prunus  cerasus  is  self-compatible  and  tetraploid.  Similarly, 
five  diploid  species  of  Solanum  examined  are  self-incompatible 
while  eight  tetraploid  and  one  hexaploid  are  self-compatible 
(Pushkar  Nath,  1942).  Again,  in  the  large  genus  Nicotiana,  which 
has  a  majority  of  polyploid  species  (cf.  Kostoff,  1941),  the  seven 
self-incompatible  species  are  all  diploid.  All  these  are  gametophytic 
systems.  Turning  to  the  heteromorphic  systems,  distyly  and 
tristyly,  which  are  under  sporophytic  control  and  not  disturbed 
by  polyploidy,  there  is  the  classical  Ly thrum  salicaria  which  is 
polyploid. 

In  the  Primulaceae  the  Candelabra  section  contains  only  one 
tetraploid  species,  P.  japonica ;  this  is  self-compatible  and  mono- 
morphic,  but  the  diploid  species  contain  about  half  self-compatible 
monomorphic  and  half  self-incompatible  heteromorphic  species. 
In  other  sections  of  this  family  the  total  figures  are  24  diploid  and 
6  polyploid  species  that  are  self-incompatible,  and  nine  polyploids 
that  are  self-compatible.  Thus  in  the  Primulaceae  a  polyploid 
species  is  frequently  self-incompatible. 

The  Compositae,  with  sporophytic  incompatibility,  has  about 
equal  numbers  of  self-incompatible  diploid  and  polyploid  species. 
The  data  gathered  together  from  East  (1940)  and  later  papers 
on  incompatibility  and  from  Darlington  and  Wylie  (1955)  are 
given  in  Table  1. 


Table  1 


Self-incompatible  species  classified  into  diploids  and  polyploids 

Polyploidy  and  the  sporophytic  system  are  associated  because 
incompatibility  in  this  system  is  not  affected  by  polyploidy. 


System 

Family 

Species 

Diploid 

Polyploid 

Sporophytic 

Compositae 

10 

8 

n 

Primulaceae 

24 

6 

(Farinosae,  Ariculata) 

Total 

34 

14 

Gametophytic 

Solanaceae 

14 

0 

>> 

Scrophulariaceae 

13 

1 

>> 

Leguminosae 

7 

4 

Total 

34 

5 

A  marked  difference  in  the  distribution  is  evident  between  the 
families.  This  reflects  the  results  of  experimental  polyploids  in 
which  a  breakdown  of  self-incompatibility  was  absent  in  sporo¬ 
phytic  systems  and  rarer  in  the  Leguminosae  than  in  the 
Solanaceae. 

It  could  be  argued  that  as  polyploidy  in  the  wild  will  be  a 
sporadic  event,  possibly  in  an  isolated  individual,  a  switch  to  self- 
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compatibility  would  be  an  advantage.  On  the  other  hand  the 
future  development  of  such  a  polyploid  would  rest  upon  gene 
recombination  and  this  would  be  encouraged  by  self¬ 
incompatibility.  It  is  clear  that  both  can  occur  and  that  where 
polyploidy  does  cause  self-compatibility  this  is  likely  to  be  adopted 
by  new  polyploids. 

Linkage  and  the  efficiency  of  incompatibility 

In  the  Gramineae  incompatibility  is  controlled  by  two  genes 
S  and  Z,  each  of  which  has  many  alleles  (Lundquist,  1956,  1964; 
Hayman,  1956).  Pollen  grains  are  incompatible  on  a  style  that 
has  the  same  S  and  Z  alleles.  Both  genes  must  be  matched  in 
pollen  and  style  to  give  the  incompatible  reaction.  These  two 
genes  are  not  linked.  Protection  against  self  fertilization  is  com¬ 
plete,  owing  to  the  presence  of  the  diploid  stylar  tissue  through 
which  the  pollen  has  to  grow.  The  style  will  contain  all  the 
S  and  Z  alleles  which  segregate  in  the  haploid  pollen  grains  so  that 
all  pollen  genotypes  will  have  their  S  and  Z  alleles  matched  in  the 
style.  Because  of  the  control  by  two  unlinked  genes  a  greater 
number  of  different  mating  groups  are  generated  than  in  the  one 
gene  system.  Thus  two  genes  are  fractionally  more  efficient  as  a 
random  cross  breeding  system.  This  advantage  would  be  of  some 
significance  in  the  early  stages  of  the  evolution  of  the  system 
when  the  number  of  alleles  would  be  low.  If  the  two  genes  were 
closely  linked  its  efficiency  would  be  indistinguishable  from  a  one 
gene  system. 

An  instructive  parallel  is  found  in  fungi  in  the  Basidiomycetes. 
Some  Basidiomycetes  have  one  gene  only,  A,  others  have  two,  A 
and  B.  As  pointed  out  by  Mather  in  1944,  the  two  gene  system 
here  is  twice  as  efficient  as  the  one  gene  because  with  one  gene 
selfing  is  permitted  to  50%  while  with  two  genes  it  is  reduced  to 
25%.  This  is  because  the  mating  is  between  two  haploid  colonies 
and  no  organ  similar  to  a  diploid  style  intervenes.  It  is  now 
known  that  these  genes  are  composed  of  two  cistrons,  a  and  /3,  as 
shown  by  Papazian  (1951),  Raper  and  Middleton  (1958)  and  Day 
(1960).  Each  cistron  must  be  matched  in  mating  mycelia  to  give 
incompatibility.  These  two  cistrons  are  usually  closely  linked  so 
that  they  effectively  segregate  as  one  gene.  There  are  no  bio¬ 
chemical  or  physiological  reasons  why  these  two  cistrons  should 
be  closely  linked,  because  by  using  different  isolates  in  Schyzo- 
phyllum  Raper  has  shown  that  they  can  be  as  much  as  20  units 
apart.  The  reason  for  their  close  linkage  is  found  in  the  efficiency 
as  an  outbreeding  mechanism.  If  the  two  cistrons  in  an  A  system 
of  a  bipolar  species  are  unlinked  the  amount  of  selfing  would  be 
increased  to  75%  (see  Fig.  1).  In  an  A,  B  system,  and  if  both 
a  and  /3  cistrons  were  unlinked,  the  selfing  permitted  would 
increase  from  25%  to  or  43*7%.  Clearly  it  is  an  advantage  to 
have  the  S  and  Z  genes  in  Gramineae,  and  the  A  and  B  complexes 
in  the  Basidiomycetes  unlinked,  but  equally  advantageous  to 
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Figure  1 

The  effect  on  outbreeding  of  linkage  of  the  two  components  a  and  /3  of 

the  A  complex  in  Basidiomycetes. 

Completely  Linked  Free  Recombination 
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have  the  two  cistrons  of  the  A  and  B  complexes  closely  linked. 
The  action  of  the  two  genes  and  cistrons  has  been  explained  on 
the  production  of  a  dimer  protein  (Lewis,  1964). 

Finally  to  come  back  to  the  loss  of  self-incompatibility  by 
mutation,  the  long-term  effect  of  this  can  be  seen  in  the  flowers  of 
Passiflora  species  (see  Plate  I).  The  same  inconspicuous  P. 
rutilans  must  have  been  self-incompatible  in  the  past  in  the  same 
way  as  the  large  flowered  outbreeding  species  are  now.  It  has 
paid  a  heavy  price  for  giving  up  outbreeding. 
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THE  REPRODUCTIVE  BIOLOGY  OF  THE  BRITISH  POPPIES 

John  L.  Harper 

(Department  of  Agricultural  Botany,  University  College 

of  North  Wales,  Bangor) 


Five  species  of  the  genus  Papaver  are  recognised  as  full  and 
‘authentic’  members  of  the  British  flora.  Of  these  Papaver 
rhoeas  is  known  in  Britain  as  a  seed  dated  as  late  Bronze  Age, 
Papaver  argemone  has  its  first  records  amongst  Roman  remains 
and  Papaver  dubium,  P.  lecoqii  and  P.  hybridum  are  almost  cer¬ 
tainly  of  Roman  or  later  origin.  They  represent  a  part  of  that 
great  influx  of  summer  flowering  annuals  which  augmented  the 
British  weed  flora,  largely  from  Mediterranean  sources  (Godwin. 
1956;  Bunting,  1960). 

At  present  the  most  widely  distributed  and  the  most  abun¬ 
dant  of  the  species  is  Papaver  rhoeas .  closely  followed  by  Papaver 
dubium.  There  is  indeed  some  evidence  that  Papaver  dubium 
has  expanded  to  its  present  common  state  relatively  recently. 
It  was  reported  as  rare  in  1860,  and  it  is  certainly  now  very 
common.  The  third  most  abundant  of  the  species  is  Papaver 
argemone.  Papaver  hybridum  is  of  localised,  primarily  southern 
and  south-eastern  distribution,  and  is  more  restricted  by  soil 
tvpe  than  the  others,  usually  being  confined  to  calcareous  soils. 
The  distribution  of  the  fifth  species,  Papaver  lecoqii,  is  obscure 
because  it  has  been  and  still  is  commonly  confused  with 
Papaver  dubium. 

The  five  species  of  poppy  may  therefore  be  regarded  as  an 
interesting  experiment  in  colonization  by  five  closely  related 
species,  and  their  presence  together  in  the  British  flora  poses 
interesting  questions,  both  genetic  and  ecological.  Essentially 
the  questions  are  (1)  how  do  a  series  of  closely  related  species 
persist  together  and  remain  as  defined  and  distinct  populations? 
What  are  the  conditions  which  prevent  interspecific  hybridisation 
and  merging,  with  one  or  more  of  the  species  being  hybridised 
out  of  existence?  (2)  How  do  a  series  of  closely  related  species 
of  this  sort  persist  together  without  one  succeeding  in  a  struggle 
for  existence  at  the  expense  of  one  or  more  of  the  others?  These 
seem  to  be  crucial  questions  in  any  attempt  to  understand  the 
reproductive  biology  of  species.  I  am  assuming  that  by  the 
“reproductive  biology”  of  a  species  one  must  mean  the  whole 
biology,  because  a  plant  is  only  the  means  by  which  one  seed 
produces  more  seed  and  the  whole  of  the  life  cycle  must  be  con¬ 
sidered  as  part  of  the  strategy  of  reproduction. 
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The  Distribution  of  the  Poppies  in  Britain 

The  sequence  Papaver  hybridum,  Papaver  lecoqii,  Papaver 
argemone,  Papaver  rhoeas,  Papaver  dabiurn  represents  a  pro¬ 
gression  of  more  and  more  Northerly  distribution,  but  there  is 
nothing  in  the  distributions  of  these  species  which  suggests  any 
geographical  or  a  regional  displacement  of  one  species  by  another. 

In  South  and  South-East  England,  all  five  poppy  species  may 
be  found.  McNaughton  and  Harper  (1960)  analysed  the  flora  of 
75  habitats  around  Oxford  in  which  poppies  were  present.  It  was 
striking  that  in  any  population  in  which  poppies  occurred,  Papaver 
rhoeas  was  inevitably  present.  The  next  most  frequent  associate 
was  Papaver  dubium.  and  both  species  were  present  in  33  of  the 
75  habitats  examined.  In  19  of  the  habitats  three  species  were 
present,  and  in  five  habitats  there  were  four.  We  encountered 
a  few  sites  in  which  all  five  of  the  species  were  to  be  found  within 
an  area  of  a  few  square  metres. 

It  is  of  some  interest  that  it  is  Papaver  rhoeas  and  Papaver 
dubium  (the  most  far-flung  species  within  the  British  Isles) 
which  are  the  species  most  commonly  occurring  casually  on  ships’ 
ballast  and  around  dockyards,  and  records  exist  to  70°  North  in 
Scandinavia  for  Papaver  rhoeas  and  to  65°  North  for  Papaver 
dubium. 

The  Expansion  and  Maintenance  of  Populations 

A  successful  reproductive  strategy  must  imply  at  the  least 
that  a  species  maintains  its  abundance.  In  a  changing  environ¬ 
ment  this  must  involve  continual  new  colonization  as  previously 
colonized  areas  are  lost  in  succession.  In  agricultural  weeds  it 
must  mean  continual  recolonization  of  newly  exploited  regions  as 
older  regions  pass  through  weed  ridding  rotations  or  phases  of 
chemical  control.  The  ability  to  colonize  is  therefore  an  essential 
part  of  a  plant’s  reproductive  biology,  and  it  seems  automatically 
to  follow  that  if  a  plant  produces  sufficient  propagules  to  effect 
successful  new  colonizations,  it  will  be  over-producing  in  areas 
which  it  has  already  colonised.  Therefore,  following  a  phase  of 
initial  colonization,  is  likely  to  come  a  phase  in  which  the  popula¬ 
tion  becomes  saturated  and  in  which  plants  of  a  species  meet 
interference  from  others  of  their  same  sort.  Both  during  phases 
of  colonization  and  subsequent  consolidation,  a  species  mav  meet 
interference  from  other  plants,  both  close  relatives  and  distant. 

Colonizing  ability 

The  colonizing  ability  of  a  plant  must  be  a  function  of  the 
number  of  viable  propagules  it  produces  from  which  may  be 
derived  ‘the  intrinsic  rate  of  natural  increase’  (see  e.g.  Lament 
Cole,  1954),  and  the  distance  over  which  these  may  be  spread; 
but  real  values  for  the  reproductive  capacity  of  poppies,  as  of  other 
plants,  are  difficult  to  obtain  in  any  meaningful  form.  The  poppies 
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are  highly  plastic  plants,  and  isolated  plants  provided  with  an 
adequate  level  of  nutrients  and  water  supply  may  produce  three 
to  four  hundred  capsules  per  plant.  But  under  unfavourable 
conditions  a  plant  may  ripen  only  one  capsule.  When  compared 
under  similar  conditions  of  density  in  replicate  plots  in  an 
experimental  garden,  at  densities  of  approximately  25  plants  per 
square  foot,  Papaver  rhoeas  produced  six  capsules  per  plant, 
Papaver  dubium  about  four,  Papaver  lecoqii  3-6,  and  Papaver 
argemone  1*2.  At  high  densities,  however,  the  bristly  capsuled 
species  ( Papaver  argemone  and  P.  apulum*  (a  close  relative  of 
P.  hybridum ))  maintained  their  capsule  number  better  than  the 
smooth  capsuled  species,  and  the  number  of  capsules  per  plant 
of  the  bristly  capsuled  species  at  high  density  sometimes  exceeded 
that  of  the  smooth  capsuled  forms.  It  is  clearly  very  dangerous 
to  make  a  statement  about  a  ‘characteristic’  reproductive 
capacity  of  species  or  to  compare  the  reproductive  capacity  of 
species  without  specifying  conditions  under  wThich  they  have  been 
grown.  The  little  evidence  available  from  these  experiments, 
however,  suggests  that  the  three  smooth  capsuled  species  have 
the  ability  to  exploit  fertile  environments  and  freedom  from 
interfering  neighbours  by  a  vast  seed  production  and  that  the 
bristly  capsuled  species,  although  not  having  such  a  potential  to 
exploit  environmental  riches,  have  a  greater  tolerance  of  pressure 
from  their  neighbours  and  a  greater  reproductive  stability.  It 
is  interesting  in  this  context  that  the  “expense”  to  the  plant  of 
producing  a  capsule  seems  to  be  different  in  these  species.  In  our 
experiments,  Papaver  rhoeas,  P.  lecoqii  and  P.  dubium  produced 
between  T9  and  3-3  capsules  per  gram  of  plant  dry  weight  at 
maturity,  and  this  proportion  was  scarcely  affected  by  a  wide 
range  of  density.  In  contrast  Papaver  argemone  produced  be¬ 
tween  3-8  to  7  capsules  per  gram  and  Papaver  apulum*  between 
9T  and  1T7  capsules  per  gram. 

There  is  a  considerable  variation  between  the  species  in  the 
number  of  seeds  produced  per  capsule,  though  again  this  is  a 
factor  which  varies  considerably  from  plant  to  plant  depending 
on  the  vigour  of  growth.  Papaver  rhoeas  produces  the  greatest 
number  of  seeds,  commonly  more  than  a  thousand  per  capsule. 
Papaver  dubium  commonly  produces  8-900  seeds  per  capsule  in 
vigorously  growing  plants  and  the  number  produced  by  Papaver 
lecoqii  tends  to  be  intermediate  between  Papaver  dubium  and 
Papaver  rhoeas.  (This  is,  at  least  in  part,  due  to  the  regular  self- 
fertilizing  character  of  Papaver  lecoqii  which  seems  to  ensure  that 
seeds  are  set  in  greater  abundance  than  is  normal  in  Papaver 
dubium.)  Papaver  argemone  produces  250-350  seeds  per  capsule 
and  Papaver  hybridum  has  the  lowest  seed  output  of  the  group 
with  2-300  seeds  per  capsule. 

*Tn  many  of  these  experiments  Papaver  apulum  was  involved.  This  species 
closely  resembles  Papaver  hybridum,  and  data  are  included  for  it  be¬ 
cause  Papaver  hybridum  is  a  difficult  and  erratic  plant  to  grow 
experimentally,  and  many  of  the  experimental  plots  failed. 
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The  size  of  seeds  trends  in  the  opposite  direction  to  the 
numbers  of  seed  (see  Table  2).  It  is  particularly  interesting, 


Table  2 

Weight  of  seed  of  Papaver  species 


Species 
P.  argemone 
P.  dubium 
P.  hybridum 
P.  lecoqii 
P.  rhoeas 


Mean  weight  of  1000  seeds  ( g ) 
0  1585  +  0  0050 
0  1404  +  0  0082 
0  1269  +  0  0005 
0  1177  +  0  0047 
0  1189  +  00071 


however,  that  Papaver  dubium  and  Papaver  lecoqii ,  morpho¬ 
logically  such  similar  species  that  they  are  often  confused,  differ 
quite  strikingly  in,  mean  seed  weight,  and  Papaver  lecoqii  which 
has  the  largest  seed  output  may  perhaps  have  had  to  compensate 
for  this  in  its  reduced  individual  seed  weight. 

Salisbury  (1942)  has  called  attention  to  the  difference  in  height 
at  which  the  capsules  of  these  species  are  borne,  the  smooth  cap¬ 
suled  forms  being  taller  than  the  bristly,  and  this  may  contribute 
in  part  to  affect  the  freedom  with  which  they  are  dispersed. 
There  is,  however,  a  further  curious  difference  in  the  dispersal 
mechanisms  of  these  species  which  stems  from  the  relative  size 
of  the  capsule  pores  and  the  seeds  which  must  pass  through  them. 
In  all  three  of  the  smooth  capsuled  species  the  pores  are  suffi¬ 
ciently  large  to  allow  two  or  even  three  seeds  to  pass  through 
a  pore  together,  but  in  the  bristly  capsuled  species,  the  seeds  are 
large  and  the  pores  small.  A  consequence  of  this  is  that  seeds 
of  the  former  species  are  dispersed  from  the  capsules  as  soon  as 
they  are  ripe  but  the  seeds  of  the  latter  species  are  distributed 
slowly  and  over  a  relatively  long  period.  This  behaviour 
apparently  brings  with  it  a  hazard  to  the  bristly  capsuled  species 
for  the  capsules  are  eaten  by  birds.  Mature  plants  of  Papaver 
argemone  can  often  be  found  completely  stripped  of  capsules, 
which,  presumably  with  their  retained  seed,  offer  an  attractive 
food  supply.  It  may  be  that  the  retention  of  seed  within  the 
capsules  bring  some  compensating  advantages  in  a  greater  likeli¬ 
hood  of  seed  being  harvested  with  the  straw  when  a  crop  is  taken 
so  that  it  is  carried  from  place  to  place  by  man.  The  seeds  of  the 
smooth  capsuled  species  have  no  common  means  of  dispersal  by 
man  and  are  not  frequent  contaminants  of  agricultural  seeds. 


Seed  Dormancy  and  Germination 

The  seeds  of  the  wild  poppies  all  show  pronounced  dormancy 
although  the  cultivated  forms,  for  example  the  “Shirley”  variety 
of  Papaver  rhoeas,  lack  dormancy  and  the  seeds  will  germinate 
readily  as  soon  as  they  are  shed  from  the  capsule.  Seed  dormancy 
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is  of  three  major  types  (Harper,  1959):  Innate  dormancy,  a 
characteristic  of  the  seeds  when  they  are  shed  by  the  parent 
plant;  Induced  dormancy,  which  is  a  state  which  seeds  may 
acquire  as  a  result  of  some  experience  subsequent  to  ripening,  for 
example  through  drying  or  exposure  to  carbon-dioxide,  after 
which  a  special  stimulus  is  needed  to  break  the  dormancy. 
Thirdly,  enforced  dormancy  may  occur  when  a  seed  finds  itself 
in  environmental  conditions  unsuitable  for  its  germination,  when 
it  may  remain  viable  but  dormant  until  favourable  conditions  are 
provided.  The  first  and  third  categories  of  dormancy  have  been 
found  amongst  the  wild  poppies  and  seem  to  have  quite  distinct 
roles  in  the  reproductive  biology  of  the  species.  The  innate*  dor¬ 
mancy  determines  at  what  time  of  year  the  seeds  will  germinate. 
Such  dormancy  is  characteristically  broken  by  some  trigger 
mechanism  which  ensures  that  the  seeds  germinate  at  an 
appropriate  season.  Enforced  dormancy  is  common  in  poppy 
seeds  as  a  response  to  burial,  and  poppy  seeds  may  remain 
enforced  in  dormancy  in  the  soil  for  many  years  after  an  infes¬ 
tation  has  been  ploughed  in.  The  significance  of  this  form  of 
dormancy  is  that  it  provides  an  insurance  for  the  species  against 
local  extinction  through  successive  unfavourable  or  disastrous 
experiences. 


Innate  Dormancy 

A  wide  variety  of  treatments  are  now  known  which  may  be 
used  to  break  seed  dormancy  in  different  species.  There  is  often 
high  specificity  in  the  dormancy  breaking  requirement  of  different 
plant  species  and  the  poppies  are  no  exception.  In  our  experi¬ 
ments,  seed  of  Papaver  argemone  was  stimulated  to  15% 
germination  by  abrasion  of  the  seed  coat  by  rubbing  with  emery 
paper  but  the  other  species  were  unaffected  by  this  treatment. 
30%  germination  of  Papaver  lecoqii  was  induced  by  removing 
part  of  the  testa,  but  this  treatment  did  not  affect  seeds  of 
Papaver  argemone  or  the  other  three  species.  Cold  treatment  for 
two  days  at  5°C.  increased  the  germination  of  Papaver  rhoeas 
and  of  Papaver  hybridum  but  did  not  affect  Papaver  dubium, 
P.  lecoqii  or  P.  argemone.  However,  a  longer  cold  treatment 
(seven  days)  increased  the  germination  of  Papaver  dubium  and 
of  Papaver  hybridum  but  not  the  others.  Fluctuating  tempera¬ 
tures  in  the  region  5-25  °C.  increased  the  germination  of  Papaver 
dubium  and  Papaver  argemone  strikingly  and  Papaver  lecoqii 
to  a  very  limited  extent,  but  the  seeds  of  Papaver  hybridum  and 
Papaver  rhoeas  were  scarcely  affected.  Much  care  must  be  taken 
in  interpreting  this  sort  of  data  on  dormancy  breaking  require¬ 
ments.  Different  investigators  may  obtain  very  different  results 
depending  on  the  precise  conditions  of  the  germination  tests 
employed  and  there  is  growing  evidence  (Cavers,  1963;  Williams, 
1962)  that  in  w7eed  species,  there  may  be  polymorphism  in 
germination  requirements  which  is  both  genetic  and  phenotypic 
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in  origin.  Certainly  in  Cheno podium  album  and  in  Rumex 
crispus  and  R.  obtusijolius  there  are  striking  differences  in  the 
germination  requirements  of  the  progeny  of  individual  plants 
within  populations.  A  similar  phenomenon  has  been  reported 
for  the  germination  of  weedy  races  of  Eschscholtzia  californica 
(Cook,  1962),  and  it  may  be  that  this  occurs  in  the  species  of 
Papaver  as  well.  It  is  striking  that  no  single  treatment  breaks 
the  dormancy  of  all  seeds  of  any  poppy  seed  sample  and  yet  one 
is  loath  to  believe  that  the  remainder  are  dead  seeds.  It  is  more 
likely  from  our  evidence  from  other  species  that  within  a  bulk 
seed  sample  there  is  polymorphism  in  germination  requirement 
and  that  any  given  dormancy  breaking  procedure  satisfies  the 
requirement  of  only  a  proportion  of  the  seeds  present.  It  is  un¬ 
likely  that  the  nature  of  seed  dormancy  in  the  poppies  and  other 
weedy  species  will  be  properly  understood  until  investigators  cease 
to  use  bulk  samples  of  seed  on  which  to  determine  the 
‘characteristic’  dormancy  breaking  requirement. 

Dormancy  in  the  poppies  is  complex  and  this  is  perhaps  to  be 
expected  because  it  is  known  that  seed  dormancy  in  Papaver 
rhoeas  is  partially  under  genetic  control,  partially  under  maternal 
control  and  partially  determined  by  an  interaction  between 
embryonic  and  maternal  effects.  There  is  vast  scope  in  this 
interacting  system  for  many  variations  of  a  high  degree  of 
subtlety.  Further  evidence  that  seed  dormancy  is  species-specific 
comes  from  the  observation  that  the  seed  produced  from  inter¬ 
specific  hybridizations  normally  lacks  the  dormancy  which  is  so 
characteristic  of  the  parents. 

Enforced  Dormancy 

Poppies  commonly  appear  in  arable  crops  in  the  first  year  after 
ploughing  over  grassland.  There  is  much  evidence  that  these 
populations  derive  from  seed  which  has  been  maintained  dormant 
by  burial.  This  can  have  most  unexpected  consequences  in 
experimentation  and  on  one  occasion  in  which  we  had  prepared 
a  complicated  plot  experiment  on  an  area  of  land  in  which 
poppies  had  not  been  seen  for  seven  years,  we  obtained  200  poppy 
seedlings  to  the  square  foot  on  control  plots  and  all  around  the 
experimental  area.  This  was  apparently  because  the  ground  had 
been  ploughed  an  inch  deeper  than  normal  and  had  brought  up 
a  population  of  buried  viable  seed. 

Enforced  dormancy  must  be  of  considerable  importance  in  the 
reproductive  strategy  of  such  species.  It  must  have  the  con¬ 
sequences  of  (a)  maintaining  a  population  insulated  from  those 
selective  forces  which  affected  growing  plants  during  the  years 
when  seed  remained  dormant  and  (b)  sacrificing  the  potential 
rate  of  population  growth  in  favour  of  guarding  against  extinction. 

Germination 

In  the  early  phases  of  seedling  growth  Papaver  rhoeas , 
P.  dubium  and  P.  lecoqii  are  virtually  indistinguishable.  Small 
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linear  cotyledons  are  rapidly  followed  by  unifoliate  expanded 
leaves  and  only  after  4-6  leaves  have  been  produced  are  pinnate 
leaves  developed.  In  contrast  the  seedlings  of  Papaver  argemone 
and  Papaver  hybridum  bear  a  first  pair  of  true  leaves  which  are 
linear  and  cotyledon  like;  the  second  pair  normally  show  a  high 
degree  of  dissection.  In  view  of  the  general  importance  of  a  rapid 
expansion  of  leaf  area  to  a  growing  plant,  it  is  surprising  to  find 
species  which  so  rapidly  move  to  a  linear  or  dissected  leaf  form. 
Of  the  poppy  seedlings,  those  of  Papaver  argemone  show  by  far 
the  greatest  vigour  and  this  may  be  associated  with  the  large  seed 
size  of  this  species.  Seedlings  of  Papaver  argemone  contrast  very 
markedly  with  those  of  Papaver  liybriduyn,  which  in  all  of  our 
experiments  have  proved  mean  and  weak  and  very  difficult  to 
cultivate. 

The  Growth  of  Mixed  and  Pure  Poppy  Populations 

When  seeds  of  the  poppj7  are  sown  over  a  range  of  densities, 
there  is  a  striking  reduction  in  the  chance  that  a  seed  will  produce 
a  plant  as  the  density  increases.  This  process  has  been  called 
“self- thinning”.  The  self-thinning  increases  in  intensity  with 
increasing  density  so  that  very  high  densities  of  sowing  may 
result  in  fewer  mature  plants  per  square  foot  than  intermediate 
densities.  For  example,  in  experimental  sowings  an  eight-fold 
increase  in  seeding  rate  never  produced  more  than  a  two-fold 
increase  and  sometimes  an  actual  decrease  in  mature  plant 
numbers.  Density-dependent  mortality  in  pure  stands  therefore 
provides  a  regulating  mechanism  keeping  populations  within 
bounds  which  are  narrow'  compared  to  the  enormous  potential 
for  increase. 

In  mixed  populations  of  poppy  species  it  was  found  that  the 
chance  of  a  seed  producing  a  plant  wTas  generally  much  higher 
in  the  minority  components  of  the  mixtures  and  the  more  abun¬ 
dant  component  suffered  disproportionately  great  mortality.  The 
manner  in  which  this  difference  in  the  intensity  of  self-thinning 
and  alien-thinning  is  accomplished  in  mixtures  is  quite  obscure, 
but  it  would  clearly  account  for  the  ability  of  mixed  populations 
to  remain  stable  vdthout  one  succeeding  at  the  expense  of  another 
and  goes  far  towards  accounting  for  the  frequency  with  which 
mixed  poppy  stands  are  found  in  the  field. 

Relationship  between  the  Growth  of  Poppies  and  a  Cereal  Crop 

A  series  of  experiments  w7ere  made  in  which  a  poppj7  species 
w  as  sow7n  at  a  range  of  density  in  the  presence  and  the  absence 
of  w7heat  sowrn  at  an  agricultural  density.  The  presence  of  the 
cereal  did  not  under  the  conditions  of  this  experiment  signifi¬ 
cantly  reduce  the  number  of  individuals  of  any  of  the  poppy 
species  at  anj7  given  sowang  density.  The  poppies  reacted  to  the 
presence  of  the  cereal  not  through  mortality  but  through  plasticity7, 
shown  both  in  the  reduced  number  of  capsules  per  plant  and  in 
the  drj7  w7eight  of  plants.  It  was  very  striking  that  in  the 
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absence  of  the  cereal  Papaver  rhoeas  and  P.  argemone  expanded 
to  produce  very  large  and  vigorous  plants,  with  a  large  number 
of  capsules,  but  in  the  presence  of  the  cereal,  P.  argemone 
suffered  less  depression  than  P.  rhoeas  (Fig.  2).  No  influence 
of  the  poppies  on  the  growth  of  the  wheat  could  be  detected 


Figure  2 

The  relationship  between  number  of  seeds  sown  and  the  number  of 
capsules  produced  per  unit  area  in  the  presence  and  absence  of  a  wheat 
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either  in  number  of  tillers  or  in  dry  weight  per  plot,  and  in  this 
association  the  wheat  was  clearly  behaving  as  a  dominant  com¬ 
ponent,  enforcing  its  yield  characteristic  on  the  growth  of  the 
mixture.  It  is  particularly  interesting,  however,  that  although 
the  individual  poppy  plants  were  profoundly  suppressed  in  growth 
(see  Fig.  2)  virtually  every  individual  succeeded  in  producing  at 
least  one  flower  and  in  ripening  a  capsule  containing  a  few  seeds. 
The  general  picture  gained  from  these  experiments  is  of  the  poppy 
as  a  weak  aggressor  but  a  magnificent  opportunist  and  it  is  of 
course  well  known  that  the  most  profuse  poppy  growth  in  cereal 
crops  occurs  at  the  headlands  and  in  regions  in  which  wire-worm 
or  other  crop  hazards  have  damaged  the  crop  and  the  poppies 
have,  as  it  were,  expanded  to  fill  the  space  made  available. 

It  is  strange  that  in  discussions  about  the  biology  of  plant 
species,  plants  are  so  often  considered  as  units  whose  behaviour 
can  be  interpreted  without  regard  to  the  interference  which  occurs 
between  them.  Such  interference  can  clearly  affect  both  the 
number  of  seeds  produced  per  individual,  and  the  chance  that 
a  seed  will  produce  a  new  individual.  Interference  (or  ‘compe¬ 
tition’)  can  clearly  play  an  over-riding  role  in  determining  whether 
or  not  a  particular  biology  represents  a  successful  reproductive 
strategy.  In  the  case  of  the  poppies,  interference  from  neighbour¬ 
ing  plants  offers  a  means  by  which  populations  may  be  regulated, 
and  there  is  a  special  complexity — that  the  plants  may  react 
differently  to  different  sorts  of  neighbours — sometimes  by 
mortality,  sometimes  by  plasticity.  Against  such  a  complex 
background  we  have  to  explain  why  widely  different  reproductive 
strategies  may  all  be  successful  in  maintaining  their  respective 
species  in  being.  One  might  argue  that  because  P.  rhoeas  has 
more  seeds  than  P.  argemone  it  should  be  more  successful  and 
eliminate  P.  argemone.  One  might  argue  that  because  P. 
argemone  has  larger  seeds  than  P.  rhoeas  it  should  have  a  greater 
chance  of  seedling  survival,  be  more  successful  and  succeed  at  the 
expense  of  P.  rhoeas.  It  is  tempting  to  pick  out  isolated  features 
of  the  reproductive  biology  of  the  poppies  and  argue  that  a  special 
feature  should  bring  success.  The  outbreeding  habit  of  P.  rhoeas 
might  be  expected  to<  bring  it  greater  evolutionary  potential  and 
explain  its  wide  distribution — but  the  difference  in  abundance 
of  two  inbreeders  P.  argemone  and  P.  hybridum  would  be  difficult 
to  explain  in  this  way. 

“It  is  good  thus  to  try  in  imagination  to  give  to  any  one  species 
an  advantage  over  another”.  Darwin  (“Origin”). 

Perhaps  a  danger  in  this  Darwinian  exercise  of  looking  for 
advantages  of  one  species  over  another  is  that  it  focusses  attention 
on  processes  of  success  of  one  form  at  the  expense  of  another — 
the  approach  to  be  expected  from  the  evolutionist.  The  ecological 
interpretation  of  differences  between  species  may  better  concen¬ 
trate  on  understanding  how  two  or  more  species  may  persist 
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together,  each  despite  Vhe  presence  of  another.  In  this 
interpretation,  the  different  biological  strategies  of  the  poppy 
species  represent  ways  of  using  the  environment  in  complemen¬ 
tary  fashion — doing  the  same  things  in  different  ways.  It  is 
likely  to  be  a  misleading  exercise  to  try  and  arrange  the  species 
in  some  order  of  merit.  All  are  in  a  real  sense  successful  strategies. 
The  common  species  is  one  whose  peculiar  biology  is  satisfied 
in  frequent  places,  the  rare  species  may  be  superbly  adapted  to 
rarer  sites.  When  it  is  further  realised  that  from  the  ‘point  of 
view’  of  a  seed,  the  environment  of  even  one  square  centimetre 
of  soil  is  a  highly  complicated  and  heterogeneous  system  it  is  not 
surprising  to  find  subtle  differences  in  seed  size  and  dormancy 
breaking  requirements  by  which  the  species  differ  profoundly 
and  qualitatively.  Although  the  poppies  are  closely  related,  and 
inhabit  the  same  general  type  of  environment,  their  biological 
equipment  differs  in  such  essentials  that  they  retain  an  ecological 
integrity  as  great  as  their  taxonomic  integrity. 

Barriers  to  Interbreeding  in  the  Poppies 

The  five  British  poppies  differ  in  their  self-fertility.  In  our 
experimental  material  natural  selling  (by  auto  deposition  of 
pollen)  gave  less  than  1  %  seed  set  in  Papaver  rhoeas  and  be¬ 
tween  20  and  30%  seed  set  in  Papaver  dubium.  In  contrast 
Papaver  lecoqii ,  Papaver  hybridum  and  Papaver  argemone  all 
showed  complete  self-fertility.  This  in  itself  is  somewhat 
surprising  in  view  of  the  undoubted  superiority  of  Papaver 
rhoeas  as  a  rapidly  spreading  colonizing  weedy  species.  Baker 
has  recently  commented  (Baker,  in  Press)  on  the  high  frequency 
of  self-compatible  forms  amongst  the  highly  successful  weeds  and 
he  claims  that  selfing  by  an  “all  purpose  genotype”  is  the  ideal 
breeding  system  for  an  invasive  weed.  Papaver  rhoeas  is,  how¬ 
ever,  not  only  self-incompatible  but  shows  a  very  wide  range 
of  genetic  variation  affecting  leaf  form,  flower  colour,  hairiness 
and  many  other  characteristics.  The  other  four  species  show7 
a  contrasting  high  degree  of  stability.  Papaver  dubium  is  fully 
self-compatible  if  pollen  is  deliberately  transferred  onto  its  stigma, 
but  the  anthers  are  borne  on  a  level  at  or  below  the  stigmatic 
disc  and  auto-deposition  is  not  very  successful.  This  contrasts 
with  the  behaviour  of  the  closely  related  Papaver  lecoqii  in  which 
the  anthers  are  borne  above  the  stigmatic  disc  and  selfing  occurs 
with  high  success  even  when  the  flowTers  are  bagged  and  undis¬ 
turbed.  This  high  success  of  selfing  in  Papaver  lecoqii  is 
manifested  in  the  development  of  seeds  over  the  whole  length 
of  the  placentae  so  that  the  lower  part  of  the  capsule  is  commonly 
more  swollen  when  ripe  than  that  of  Papaver  dubium.  However, 
if  artificial  pollen  transfers  are  made  on  to  the  stigma  of  Papaver 
dubium  the  capsule  swells  to  the  base.  It  is  interesting  that  the 
shape  of  the  capsule,  which  has  been  regarded  as  a  significant 
taxonomic  character  distinguishing  these  two  species  is  a  by¬ 
product  of  a  difference  in  the  breeding  mechanism. 
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Figure  3 

Crossing  relationships  of  the  five  British  species  of  Papaver. 


Continuous  line  arrows  indicate  successful  hybridisation.  Dotted  arrows 
indicate  seed  formed  but  failed  to  germinate.  (Adapted  and  redrawn  from 

McNaughton,  1960.) 


The  easy  inbreeding  of  Papaver  lecoqii,  P.  hybridum  and  P. 
argemone  in  itself  constitutes  a  guard  against  the  formation  of 
inter-specific  hybrids  on  these  maternal  parents.  This  is  in  turn 
reinforced  by  a  slight  difference  in  the  flowering  time  of  the  species 
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which  isolates  the  earlier  flowers  of  Papaver  argemone  (the  first 
flowering  species)  from  contamination  and  also  isolates  the  last 
flowers  of  Papaver  rhoeas  (the  latest  flowering  of  the  species),  but 
the  bulk  of  the  flowering  period  of  the  five  species  overlaps.  Pollen 
is  transported  by  a  wide  variety  of  insects  as  might  be  expected 
from  the  open  unspecialised  nature  of  the  flowers,  but  the  first 
visitors  in  the  morning  are  normally  honey-bees  visiting  in  search 
of  pollen  and  these  have  been  shown  to  exert  a  degree  of  discrimi¬ 
nation  between  the  five  species  of  poppy  so  that  on  a  flight  a  bee 
tends  to  confine  itself  to  one  species.  This  is  not  a  perfect 

discrimination ;  mistakes  are  made  and  a  confusion  between 

Papaver  dubium  and  P.  lecoqii  is  particularly  often  made. 

However,  a  very  real  tendency  of  the  bees  to  discriminate  between 
the  flowers  in  mixed  populations  further  reinforces  the  partial 
barriers  to  interbreeding. 

A  series  of  attempts  were  made  to  make  interspecific  hybrids 
between  the  poppies  by  flower  emasculation  and  pollen  transfer. 
Fig.  3  summarizes  the  nature  and  success  of  the  various  crosses 
attempted.  Not  all  seed  from  all  crosses  germinated  but  a 
number  of  artificial  hybrids  were  raised  to  maturity.  Hybrids 
between  Papaver  rhoeas  and  Papaver  dubium  were  readily 

obtained  with  either  species  acting  as  seed  parent.  The  progeny 
was  highly  variable  and  very  odd.  The  seeds  normally  lacked 
dormancy  and  the  young  plants  were  weak,  showing  apical  die- 
back  followed  by  death  or  lateral  shoot  regeneration,  chlorotic 
leaves,  malformed  leaves  and  bunchiness.  When  flowers  were 
formed  they  often  failed  to  open,  lacked  stamens,  and  possessed 
capsules  with  fewer  stigma  tic  rays  than  either  of  the  parents. 
These  plants  produced  no  seed  when  back-crossed  and  it  is 
unlikely  in  view  of  their  odd  morphology  that  these  plants  would 
ever  be  recognised  in  the  field  as  inter-specific  hybrids.  Hybrids 
between  Papaver  lecoqii  and  Papaver  rhoeas  were  less  readily 
obtained  and  only  one  seed  germinated  and  grew  to  maturity. 
This  showed  the  same  “virus-like  syndrome”  as  the  hybrids 
between  Papaver  rhoeas  and  Papaver  dubium  but  the  sap  was 
of  an  intense  orange-yellow,  a  characteristic  presumably  derived 
from  the  P.  lecoqii  parent,  though  even  more  intense  in  colour  than 
the  parental  type. 

Hybrids  between  Papaver  lecoqii  and  Papaver  dubium  were 
very  easily  obtained.  They  showed  no  morphological  abnormali¬ 
ties.  They  were  more  vigorous  than  either  parent,  as  manifested 
in  height  and  in  the  number  of  flowers  and  capsules  produced. 
No  “virus-like  syndrome”  was  exhibited  by  any  of  these  hybrids. 
The  F,  showed  greatly  reduced  fertility  on  selfing  but  seed 
production  was  increased  on  back-crossing  to  either  parent.  The 
morphological  characters  of  the  Ft  plants  were  intermediate 
between  those  of  the  parents.  Some  stunted  plants  appeared  in 
the  F2  progeny  which  tended  to  range  between  forms  characteristic 
of  the  species  with  various  intermediates.  No  hybrids  between 
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these  two  species  have  ever  been  reported  in  nature  and  they 
would  be  extremely  difficult  to  recognise. 

Seed  was  produced  with  characteristic  capsule  swelling  after 
attempted  hybridisations  between  Papaver  dubium  and  Papaver 
argemone  but  no  seed  germinated.  Papaver  hybridum  failed  to 
produce  seed  or  to  show  any  capsule  stimulation  when  pollen  of 
the  other  four  species  was  transferred  to  its  stigmas  or  when  its 
pollen  was  transferred  to  that  of  other  species.  The  chromosome 
numbers  of  the  species  and  a  little  information  about  the  chromo¬ 
some  behaviour  of  the  hybrids  is  indicated  in  Fig.  3. 

The  general  pattern  of  inter-specific  breeding  relationships  in 
these  species  is  therefore  of  virtually  complete  genetic  isolation  in 
which  a  series  of  breeding  barriers,  each  imperfect  in  itself, 
reinforce  each  other.  The  weakest  barriers  occur  between  Papaver 
lecoqii  and  Papaver  dubium  and  hybridisation  between  these  two 
may  occur  more  commonly  in  the  field  than  is  suspected. 


General  Conclusions 

The  reproductive  strategies  of  the  five  British  poppy  species 
are  all  clearly  successful  strategies.  There  is  no  marked  evidence 
of  a  present  decline  or  increase  in  abundance  of  the  species  except 
that  associated  with  the  use  of  herbicides.  The  strategy  of  each 
would  seem  to  be  successful  in  maintaining  the  species  populations 
despite  the  wide  differences  in  growth  form,  seed  number,  dispersal 
characteristics  and  self  compatibility.  There  is  a  broad  correlation 
between  reproductive  capacity  and  widespread  distribution  and  it 
may  be  that  the  high  reproductive  capacities  of  Papaver  rhoeas 
and  Papaver  dubium  and  their  particular  ability  to  expand  their 
reproductive  output  when  free  from  interference  have  conferred 
on  them  particular  advantage  in  the  colonization  of  new  areas.  As 
spread  to  new  areas  must  depend  on  a  species  possessing  a  repro¬ 
ductive  capacity  greater  than  that  needed  to  maintain  itself,  an 
important  quality  in  the  biological  strategy  of  an  invasive  species 
may  be  the  extent  of  the  production  of  seed  in  excess  of  mainten¬ 
ance  requirement . 

It  is  particularly  interesting  that  these  five  species  are  com¬ 
monly  found  co-habiting  without  one  apparently  succeeding  at 
the  expense  of  the  others.  This  is  at  first  sight  surprising  in  view 
of  the  superficially  similar  habitats  which  they  occupy  and  the 
manifestly  large  differences  in  the  vigour  of  the  species.  However, 
the  subtle  differences  in  dormancy  breaking  requirement  and  the 
peculiar  density  responses  by  which  the  majority  components 
suffer  greater  mortality  than  the  minority  will  serve  to  keep 
mixtures  in  being  and  prevent  an  exclusive  struggle  for  existence 
from  developing.  The  poppies  illustrate  a  variety  of  the  ways  in 
which  taxonomic  diversity  may  be  successfully  maintained  within 
restricted  plant  communities. 
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The  general  features  of  papilionaceous  flowers  are  too  well 
known  to  botanists  to  need  description  here.  It  is  also  generally 
known  that,  although  the  flowers  appear  to  be  structurally 
adapted  to  insect  pollination  (bees  in  particular),  there  are  numer¬ 
ous  species  which  do  not  need  it. 

Among  the  leguminous  crops  of  temperate  regions,  four 
familiar  examples  may  be  chosen  to  illustrate  a  wide  range  in 
respect  of  reproductive  biology  and  its  implications  for  plant 
breeding.  It  is  proposed  to  consider  (i)  peas,  as  an  example  of  a 
crop  reproducing  almost  exclusively  by  automatic  self-fertilization 
(at  least  in  N.  European  regions);  (ii)  beans  ( Vida  faba), 
reproducing  by  a  mixture  of  about  two-thirds  selfing  and  one- 
third  random  mating;  (iii)  lucerne  (alfalfa — Medicago  sativa ), 
mainly  but  not  exclusively  cross-fertilized,  and  (iv)  red  clover, 
almost  exclusively  cross-fertilized.  Peas,  beans  and  red  clover  are 
diploids  but  lucerne  is  a  tetraploid  and  when  it  segregates  for 
Mendelian  characters  it  does  so  as  an  autotetraploid. 

Peas  may  be  dealt  with  briefly  because  the  situation  is  so 
simple,  at  least  in  its  main  features.  Pollination  occurs  before  the 
flower  opens.  When  open,  the  flower  is  rarely  visited  by  insects 
and  such  bees  as  I  have  seen  visiting  peas  would  not  have  had  any 
influence  on  pollination,  because  they  did  not  depress  the  keel  but 
inserted  their  tongue  between  a  wing  and  the  keel.  Natural 
crossing  is  extremely  rare  and  collections  can  easily  be  maintained 
without  taking  precautions  against  it. 

Given  this  situation,  it  is  easy  to  get  a  very  close  approxima¬ 
tion  to  a  classical  pure  line.  Varieties  in  cultivation  are  often  very 
uniform  and  there  is  a  great  diversity  of  them :  even  small  differ¬ 
ences  can  easily  be  recognised  when  they  can  be  repeated  exactly 
as  often  as  desired.  This  is  one  of  the  bases  for  Mendel’s  success 
in  discovering  Mendelian  inheritance  in  peas.  The  earlier 
hybridisers,  working  in  such  a  favourable  situation,  had  produced 
the  assembly  of  stable  and  uniform  lines  (varieties)  from  which 
Mendel  chose  suitably  contrasting  parents. 
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The  work  of  hybridising  and  selecting  still  goes  on  to-day, 
much  of  it  in  the  hands  of  food-processing  firms.  They  must  be 
grateful  for  the  strictly  autogamous  reproduction  of  peas,  allowing 
them  to  achieve  the  uniformity  their  large-scale  methods  of 
harvesting  and  processing  require. 

The  question  of  whether  hybrid  vigour  could  be  commercially 
exploited  in  the  pea  crop  hardly  arises.  In  the  present  state  of 
our  knowledge,  large-scale  production  of  crossed  seed  does  not 
appear  to  be  feasible.  It  would  involve  considerable  changes  both 
in  the  plant  and  in  the  bees.  A  cytogeneticist  might  suggest  the 
use  of  complex  interchange  heterozygotes  of  the  Oenothera  type, 
but  I  do  not  know  of  anybody  attempting  this  formidable  task  in 
peas. 

It  is  convenient  to  turn  from  peas  to  red  clover,  a  crop  which 
hardly  ever  produces  seed  by  self-fertilization.  In  terms  of  the 
inbreeding  coefficient,  peas  are  near  one  extreme  (unity)  and  red 
clover  near  the  other  (zero).  This  is  because  a  very  effective  self- 
incompatibility  system  operates  in  red  clover.  It  is  of  the  familiar 
type,  with  a  single  locus  and  multiple  S  alleles  and  with  gameto- 
phytic  control,  the  rule  being  simply  that  a  pollen  tube  is  slowed 
or  stopped  in  a  style  if  the  particular  S  factor  in  the  pollen  also 
occurs  in  the  style.  In  red  clover  the  inhibition  of  pollen  from 
the  same  plant  as  the  ovules  is  strong  enough  to  make  self- 
fertilization  quite  difficult.  The  crop  is  dependent  on  insect 
pollination  and  it  is  the  pollen  brought  from  other  plants  which  a 
particular  seed  parent  accepts.  So  far  as  commercial  practice  is 
concerned,  this  eliminates  selfing  as  a  possible  cause  of  inbreeding. 
Other  possible  causes  are  mating  between  relatives  and  restriction 
of  population  number.  The  latter  is  also  excluded  in  commercial 
seed  growing  because  the  population  in  an  average  seed  field  would 
be  numbered  in  millions.  To  decide  whether  mating  between 
relatives  is  also  excluded,  we  have  to  go  a  little  deeper  into  the 
reproductive  biology. 

Red  clover  is  mostly  pollinated,  at  least  in  N.  Europe,  by 
bumble  bees.  R.  P.  Hawkins  (unpublished)  has  observed  the 
numbers  of  bees  of  different  Bomhus  subgenera  visiting  plots  of 
different  varieties  of  red  clover  in  a  variety  trial.  He  found  that 
some  subgenera  showed  distinct  varietal  preferences.  Measure¬ 
ments  of  corolla  tube  lengths  and  of  tongue  lengths  showed  that 
bees  with  shorter  tongues  preferred  varieties  with  shorter  corolla 
tubes.  In  this  case  visits  by  honey  bees  were  too  infrequent  to  be 
taken  into  account.  My  colleague,  D.  A.  Bond,  grew  red  clover 
progenies  in  a  large  cage  and  enclosed  nucleus  hives  of  honey  bees 
with  them  when  they  flowered.  The  progenies  resulted  from 
intercrossing  nine  unrelated  parents  and  so  the  relationship 
between  any  two  plants  was  either  nil  or  half-sib  or  full-sib.  In 
general,  correlation  between  half-sibs  for  any  attribute  indicates 
high  heritability.  In  this  case  correlations  between  half-sibs  were 
observed  for  nectar  height,  corolla-tube  length,  frequency  of  bee 
visits  and  seed  set.  Multivariate  analysis  showed  that  the  seed  set 
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could  be  explained  in  terms  of  bee  visits,  which  in  turn  were  in¬ 
fluenced  by  nectar  height,  but  not  significantly  by  corolla-tube 
length.  Some  attribute  or  attributes  other  than  nectar  height 
must  also  have  influenced  the  frequency  of  bee  visits,  because 
nectar  height  was  not  significantly  correlated  with  seed  set.  The 
failure  to  detect  an  influence  of  corolla-tube  length  in  this  case 
may  be  due  to  the  bees  being  caged  and  forced  to  work  red  clover 
or  nothing.  The  important  point  about  both  Bond’s  and 
Hawkins’s  results  is  that  they  show  discrimination  by  bees  be¬ 
tween  different  red  clovers.  Bond’s  bees  behaved  as  if  they  could 
recognise  the  similarity  between  two  plants  even  when  the  plants 
had  only  one  parent  in  common.  If  one  regarded  the  seed  pro¬ 
duced  on  his  red  clover  plants  as  resulting  from  random  mating 
one  would  probably  be  wrong.  The  discriminating  behaviour 
of  the  bees  probably  favoured  mating  between  relatives.  Similarly 
in  Hawkins’s  case,  the  large  population  making  up  the  whole 
variety  trial  was  tending  to  break  up  into  sub-populations. 

Whether  discrimination  by  bees  leads  to  inbreeding  in  com¬ 
mercial  seed  production  depends  on  how  much  mixing  occurs  in 
harvesting,  cleaning  and  sowing  the  seed.  One  can  only  guess 
that  the  probability  of  two  seeds  from  the  same  plant  finding 
themselves  close  together  in  the  next  generation  is  small,  but  it 
must  be  greater  than  that  expected  with  complete  mixing.  Hence 
there  must  be  a  slight  reservation  about  assessing  the  inbreeding 
coefficient  of  commercial  red  clover  as  zero.  From  the  point  of 
view  of  the  plant  breeder,  it  is  certainly  near  enough  to  compel 
him  to  take  precautions  against  the  possibility  of  his  final  product, 
a  new  variety,  being  substantially  more  inbred  than  the  varieties 
it  is  intended  to  replace.  Otherwise  his  variety  would  be  under  a 
handicap  because  of  inbreeding  depression  of  yield. 

With  the  more  traditional  methods  of  breeding,  producing 
either  open-pollmated  or  synthetic  varieties,  the  precaution  taken 
against  inbreeding  is  to  ensure  that  enough  unrelated  plants  are 
used  as  the  basis  of  the  new  variety  to  keep  to  a  low  level  the 
probability  that  alleles  which  are  identical  by  descent  will  come 
together  in  the  zygotes.  This  leads  to  the  characteristic  dilemma  of 
such  methods :  since  the  potential  parents  are  of  unequal  merit, 
the  more  broadly  based  the  new  variety  is,  the  less  intense  can  be 
the  selection. 

The  “hybrid  corn”  method  affords  one  way  of  avoiding  this 
dilemma  and  we  should  now  consider  whether  it  is  applicable  to 
red  clover.  The  technical  requirement  is  the  ability  to  control  fer¬ 
tilization  on  a  commercial  scale.  Obviously  emasculation  by  hand, 
practicable  with  maize,  is  out  of  the  question  on  this  scale.  The  use 
of  male  sterility  would  involve  a  drastic  change  in  seed  production 
methods ;  the  male-sterile  plants  would  have  to  be  harvested 
separately  from  the  pollinators,  but  in  practice  the  bulk  of  red 
clover  seed  in  England  is  harvested  as  a  by-product.  This  does 
not  rule  out  the  use  of  male  sterility  entirely  but  it  does  mean  that 
a  large  advantage  for  the  hybrid  seed  would  be  needed.  It  would 
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also  need  to  be  established  that  the  absence  of  pollen  would  not 
make  the  male-sterile  plants  too  unattractive  to  bees.  A  third 
and  perhaps  more  promising  possibility  is  to  use  the  self- 
incompatibility  system.  Enforced  self-fertilization  is  not  com¬ 
pletely  impossible  and  the  plants  thus  produced  can  be  tested  for 
homozygosity  at  the  S  locus  by  a  simple  procedure.  To  obtain  an 
economic  yield  of  seed,  it  would  be  necessary  to  make  a  double 
cross,  producing  commercial  seed  on  non-inbred  plants.  Technic¬ 
ally,  this  should  be  feasible,  at  least  on  a  small  scale,  given  four 
unrelated  homozygotes,  since  the  single  crosses  would  each  be 
uniform  in  respect  of  their  S  factors.  The  difficulty  would  be 
maintaining  and  increasing  the  S  homozygotes  on  the  necessary 
scale.  Inbreeding  depression  in  red  clover  is  so  severe  that  inbred 
lines  are  difficult  to  maintain  even  by  sib-mating,  which  does  not 
involve  breaking  the  compatibility  rules  and  the  added  handicap 
of  going  against  these  rules  looks  formidable  indeed.  My  own 
estimate,  for  what  is  it  worth,  is  that  it  will  be  a  long  time  before 
red  clover  seed  is  produced  commercially  on  the  “hybrid  corn” 
method. 

Before  leaving  this  aspect  of  red  clover  breeding,  it  should  be 
stressed  that  the  attraction  of  the  hybrid  corn  method  in  the  case 
of  a  diploid  crop  which  normally  is  very  little,  if  at  all,  inbred  is 
simply  that  it  allows  one  to  reproduce  at  will  a  particular  genotype, 
or  range  of  genotypes  from  a  double  cross,  free  of  any  inbreeding 
depression.  The  hybrid  variety  gains  no  special  advantage  from 
having  an  inbreeding  coefficient  about  zero,  because  this  is  the 
normal  condition. 

Another  departure  from  traditional  breeding  methods  is  the 
development  of  autotetraploids.  In  red  clover  these  have  the 
advantage  of  higher  yield  per  acre  of  dry  matter,  in  spite  of  a 
lower  dry  matter  content.  For  no  obvious  reason,  they  are  more 
resistant  to  Sclerotinia  trijoliorum  and  are  therefore  of  economic 
interest.  Their  chief  drawback  is  that  they  produce  less  seed  than 
diploids.  The  factors  which  may  affect  this  are  (i)  larger  flowers, 
affecting  ease  of  pollination  by  bees;  (ii)  cytological  disturbances, 
affecting  fertility  even  with  adequate  pollination,  and  (iii)  possible 
inbreeding  due  to  a  breakdown  of  the  incompatibility  system 
at  the  tetraploid  level.  Fertility  can  be  improved  by  selection  and 
although  the  diploid  level  of  seed  yield  cannot  be  achieved, 
sufficient  seed  yields  have  been  achieved  by  European  breeders  to 
allow  the  marketing  of  tetraploid  varieties.  Seed  crops  must,  of 
course,  be  isolated  from  diploid  red  clover,  as  pollination  by  dip¬ 
loids  leads  to  reduced  fertility  because  of  abortion  of  triploid 
embryos.  Precautions  have  also  to  be  taken  against  admixture 
by  diploids ;  once  introduced,  their  proportion  tends  to  increase. 

Two  other  consequences  of  red  clover’s  allogamous  mode  of 
reproduction  need  to  be  mentioned.  One  concerns  varietal  dis¬ 
tinctiveness.  Distinct  types  of  red  clover  can  be  recognised  easily, 
but  within  the  types,  varieties  distinct  in  origin  can  be  quite 
difficult  to  distinguish,  because  of  the  variation  within  the 
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varieties.  The  other  concerns  seed  yield  as  a  breeding  objective. 
Dependence  on  pollination  by  bumble  bees  causes  large  fluctua¬ 
tions  in  yield  and  it  seems  likely  that  if  the  crop  could  be  made 
more  popular  with  honey  bees,  higher  and  more  stable  yields  could 
be  achieved.  At  the  present  time,  the  most  promising  way  the 
breeder  has  of  doing  this  seems  to  be  to  exclude  bumble  bees  and 
let  the  honey  bees  choose  the  plants  they  like. 

Thus  far,  one  highly  autogamous  and  one  highly  allogamous 
crop  have  been  considered.  Vicia  jaba  stands  in  between.  Darwin 
showed  over  100  years  ago  that  excluding  bees  caused  a  reduction 
in  seed  yield  and  Sirks  showed  forty  years  ago  that  there  was 
about  one-third  random  mating  and  two-thirds  selfing,  figures 
which  have  been  confirmed  by  Picard  by  a  different  method  and 
at  Cambridge  by  still  another  method.  The  proportion  of  selfing 
(5)  does  not  fluctuate  widely  and  to  a  first  approximation  the 
crop  may  be  regarded  as  in  equilibrium,  leading  to  an  estimate  of 
the  inbreeding  coefficient,  from  the  formula  s/  (2-s),  of  J.  My  for¬ 
mer  colleague,  Miss  Jean  Drayner,  showed  that  this  half-way 
position  had  an  element  of  stability.  She  found  that  plants 
produced  by  inbreeding  were  less  successful  in  fertilizing  them¬ 
selves  automatically  than  plants  produced  by  crossing  unrelated 
parents.  Therefore  deviations  in  one  generation  from  the  average 
amount  of  selfing  are  countered  by  an  opposite  tendency  in  the 
next.  She  regarded  the  mode  of  reproduction  as  having  a  survival 
value,  since  the  species  could  make  use  of  bee  pollination  to 
achieve  evolutionary  flexibility  and  yet  could  survive  a  season  of 
inadequate  bee  pollination. 

It  would  be  expected  that  if  inbred  lines  cannot  self  auto¬ 
matically  they  might  produce  a  higher  than  average  proportion  of 
their  seeds  by  crossing  with  other  plants.  Drayner  showed  that 
this  did  in  fact  occur  under  conditions  of  natural  pollination.  It 
is  not  known  why  inbred  beans  cannot  automatically  self-fertilize, 
but  it  is  certain  that  self-incompatibility  is  not  involved.  Self 
pollen  is  just  as  effective  as  cross,  provided  it  is  applied  in  the 
same  way;  no  difference  in  growth  rate  of  pollen  tubes  can  be 
detected  by  style  decapitation  and  even  in  certation  experiments, 
cross  pollen  shows  no  advantage  over  self. 

Around  Cambridge  and  at  Rothamsted  bee  pollination  does 
not  appear  to  be  a  factor  limiting  yields.  The  position  is  rather 
that  more  pods  begin  to  set  than  the  crop  can  bring  to  maturity. 
It  has  not  been  shown  anywhere  in  England  that  shortage  of  bees 
is  limiting  yields  but  the  possibility  cannot  be  excluded. 

The  acreage  of  beans  in  this  country  is  declining  because  with 
a  rather  low  yield  and  no  subsidy  they  are  a  less  profitable  crop 
to  grow  than  the  higher-yielding  and  subsidised  cereals.  Plant 
breeding  work  with  beans  is  dominated  by  the  need  to  obtain  a 
large  increase  in  yield  potential.  The  view  held  at  the  Cambridge 
Plant  Breeding  Institute  is  that  the  only  way  to  do  this  is  to 
produce  a  hybrid  bean.  Apart  from  any  theoretical  considera¬ 
tions,  this  is  based  on  experience  with  all  methods.  Though 
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inbreeding  depression  in  beans  is  nothing  like  as  severe  as  in,  say, 
red  clover,  it  is  quite  obvious,  and  after  four  generations  of  selfing 
less  than  one  line  in  100  is  even  equal  to  commercial  stocks  in 
yield.  Better  inbreds  are  obtained  alter  crossing  the  best  first- 
cycle  inbreds  and  selfing  again,  but  even  so  very  few  can  equal 
the  mixture  of  seifs  and  crosses  making  up  a  commercial  popula¬ 
tion.  Synthetic  varieties,  with  or  without  preliminary  inbreeding, 
can  be  produced  with  higher  yields  than  most  commercial  stocks, 
but  so  far  none  has  been  strikingly  better. 

Using  one  or  other  of  the  two  forms  of  male  sterility  so  far 
found  in  beans,  numerous  hybrids  between  unrelated  inbred  lines 
have  been  produced  at  the  Institute  on  a  scale  large  enough  for 
accurate  yield  comparisons.  These  hybrids  commonly  show  an 
advantage  of  6  or  7  cwt  per  acre  over  commercial  populations  and 
larger  advantages  are  not  infrequent.  The  problems  of  achieving 
this  sort  of  increase  in  yield  on  a  commercial  scale  are  purely 
technical  and  the  details  need  not  concern  us  here.  They  mainly 
arise  from  the  necessity  to  find  pollen  parents  which  are  good 
agronomically  and  which  produce  offspring,  from  male-sterile 
parents,  breeding  true  or  nearly  so  for  either  male  sterility  or  for 
male  fertility. 

When  one  compares  a  commercial  population  of  beans  with  a 
hybrid,  one  is  comparing  populations  at  different  levels  of  inbreed¬ 
ing;  the  former  has  an  inbreeding  coefficient  of  J,  the  latter  of 
zero.  This  must  contribute  to  the  increase  in  yield  shown  by  the 
hybrids,  but  it  is  not  sufficient  in  itself  to  guarantee  that  they  will 
give  a  useful  increase  in  yield.  Most  of  the  inbred  lines  of  beans 
at  Cambridge  started  from  parents  which  were  known  to  give 
open-pollinated  progeny  of  better  than  average  yield.  Some 
further  selection  was  practised  during  the  course  of  inbreeding 
and,  in  the  case  of  second-cycle  inbreds  there  was  further  selection 
of  parents  to  be  crossed.  Bond  has  repeatedly  found  that  most 
of  the  variation  in  yield  in  sets  of  test  crosses  could  be  accounted 
for  in  terms  of  general  combining  ability  (average  effects  of  lines 
and  testers)  and  that  general  combining  ability  tends  to  be 
significantly  correlated  with  the  yields  of  the  lines  as  inbreds. 
Evidently,  selection  has  made  a  contribution  to  the  high  yields  of 
the  best  hybrids.  Conversely,  when  parents  have  been  selected 
for  some  other  attribute  than  yield,  hybrid  performance  has  some¬ 
times  been  mediocre.  This  has  been  the  case,  in  particular,  with 
pollen  parents  chosen  for  their  ability  to  restore  male  fertility, 
using  a  cytoplasmic  form  of  male  sterility.  Of  course,  any  hybrid 
will  yield  more  than  its  inbred  parents;  it  is  rare  to  find  one 
yielding  significantly  less  than  a  commercial  population,  but  if  the 
parents  are  very  inferior,  the  hybrid  may  be  no  better  than  the 
commercial  control  variety.  It  must  be  admitted  that  when  we 
started  on  the  work  of  producing  hybrid  beans  we  did  not  expect 
selection  to  be  quite  so  important.  Rather  we  thought  that  the 
effect  of  abolishing  inbreeding  in  the  final  product  would  mean 
that  any  hybrid  we  could  produce  on  a  commercial  scale  would 
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have  a  good  chance  of  being  a  winner.  In  fact  this  is  not  so  and 
the  correlation  between  yields  of  hybrids  and  yields  of  their  inbred 
parents  suggests  that  balanced  combinations  of  polygenes  are 
either  not  very  important,  or  if  they  are,  then  those  which  are 
favourable  in  the  homozygous  (inbred)  condition  are  also 
favourable  in  the  heterozygous  condition.  Given  the  peculiar 
natural  mode  of  reproduction  of  beans,  with  inbreds  more  likely 
to  cross  and  hybrids  more  likely  to  self,  it  may  be  that  balanced 
combinations  cannot  be  built  up. 

The  method  of  breeding  described  is  sometimes  called 
‘‘heterosis  breeding”  or  “exploiting  hybrid  vigour”.  In  the  light 
of  our  experience,  these  terms  seem  a  little  misleading.  Even  in 
beans,  where  there  is  undoubtedly  some  bonus  gained  from 
abolishing  inbreeding  in  the  final  product,  it  still  needs  to  be 
stressed  that  precision  in  selection  is  an  important  advantage 
gained  by  the  breeder  when  he  employs  the  “hybrid  corn”  method. 

The  fourth  example  to  be  considered  is  lucerne.  It  has  been 
mentioned  that  it  behaves  genetically  as  an  autotetraploid,  but  it 
has  some  other  peculiarities  in  its  reproductive  biology  which  need 
to  be  considered  briefly.  The  “explosive”  tripping  of  its  flowers  is 
so  odd  that  it  is  not  obvious  how  it  ever  evolved.  Some  bees, 
presumably  those  meeting  it  for  the  first  time,  behave  as  if  they 
disliked  it  intensely  and  indeed  one  sometimes  finds  dead  bees 
trapped  between  the  style  and  the  standard.  Bees  collecting 
nectar  learn  to  avoid  tripping  more  than  a  few  per  cent  of  the 
lucerne  flowers  they  visit  and  most  of  the  tripping  is  done,  at 
least  at  Cambridge,  by  bumble  bees  (especially  Bombus  hortorum) 
collecting  pollen.  Untripped  flowers  hardly  ever  set  seed,  but 
some  spontaneous  tripping  occurs  and  gives  rise  to  a  certain 
amount  of  selfing,  about  15  per  cent  being  a  common  figure  in  the 
type  now  mainly  grown  in  England  and  N.  France  (the  Flamande 
or  Flemish  type).  Hand  pollination  without  emasculation  only 
leads  to  selfing  wdien  the  pollen  parent  has  poor  pollen  quality,  a 
condition  which  is  surprisingly  frequent  in  lucerne.  Only  a  few 
per  cent  of  individual  plants  of  the  Flamande  type  produce  as 
much  as  90%  stainable  pollen,  the  modal  value  being  about  60%. 
Below  30%,  pollen  quality  begins  to  be  a  limiting  factor  in 
fertility. 

A  stigmatic  membrane  is  ruptured  when  tripping  occurs  and  if 
adequate  pollen  from  an  unrelated  plant  arrives  at  the  same  time 
as  self  pollen,  the  foreign  pollen  is  accepted.  It  is  known  that 
there  is  no  simple  genetic  system  of  self-incompatibility  like  that 
in  red  clover  even  in  the  diploid  relatives  of  lucerne,  but  beyond 
this,  nothing  is  known  of  the  genetic  basis  of  this  certation.  A 
non-inbred  plant  of  lucerne  can  easily  be  selfed,  unless  its  pollen 
is  very  poor,  but  the  pods  set  contain  fewer  seeds  than  pods 
resulting  from  crossing.  Further  resistance  to  inbreeding  arises 
from  the  well-known  phenomenon  that  each  advance  in  inbreed¬ 
ing  in  lucerne  makes  further  advance  more  difficult.  In  this, 
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lucerne  differs  from  beans,  which  will  accept  self  or  cross  pollen 
equally  readily,  however  inbred  they  are. 

With  tetrasomic  inheritance,  progress  in  inbreeding  is  much 
slower  than  with  disomic,  for  the  same  system  of  mating.  Con¬ 
sidering  selfing,  for  example,  one  covers  half  the  remaining  dis¬ 
tance  to  completion  each  generation  in  a  disomic  (diploid  or 
allopolyploid)  organism,  but  only  one-sixth  wTith  a  tetrasomic. 
Another  difference  is  that  with  disomic  inheritance  one  unrelated 
mating  suffices  to  reduce  the  inbreeding  coefficient  to  zero :  with 
tetrasomic  inheritance  it  is  reduced  to  one-third  of  the  average 
value  of  the  parents.  These  figures  are  based  on  chromosome 
segregation.  Chromatid  segregation  or  double  reduction,  being 
itself  a  form  of  inbreeding,  would  modify  them,  but  there  is  little 
evidence  suggesting  that  it  needs  to  be  taken  into  account  in 
lucerne. 

Working  with  spaced  plants  and  averaging  over  several  cuts 
with  many  progenies  at  each  of  several  levels  of  inbreeding,  one 
can  get  a  fairly  precise  measure  of  the  effect  of  inbreeding  on 
forage  yield.  In  the  range  of  inbreeding  coefficients  0  to  one-sixth, 
the  relation  between  inbreeding  coefficient  and  yield  is  remarkably 
close  to  linear;  if  the  yield  of  non-mbred  material  (from  hand 
crossing)  is  put  at  100,  then  the  loss  for  every  percentage  point 
increase  in  the  inbreeding  coefficient  is  just  over  2.  For  example, 
one  generation  of  selfing  drops  the  yield  by  about  one-third.  The 
decline  in  seed  yield  from  natural  pollination  is  more  catastrophic, 
but  has  not  been  estimated  precisely. 

Most  new  varieties  of  lucerne  introduced  in  recent  years  have 
been  synthetic  varieties  based  on  progeny-tested  clones,  the 
polycross  method  being  frequently  used  to  produce  the  progenies. 
As  each  non-inbred  clone  will  introduce  four  non-identical  alleles, 
the  theoretical  inbreeding  coefficient  of  a  synthetic  variety  falls  off 
more  quickly  with  increases  in  the  number  of  unrelated  foundation 
clones  than  it  does  in  a  diploid.  It  still  has  to  be  taken  into 
account,  but  it  is  not  a  serious  obstacle  to  producing  a  population 
yielding  as  well  as  the  populations  currently  grown.  If  the  breeder 
has  introduced  some  new  useful  feature,  like  disease  resistance,  a 
variety  produced  in  this  way  has  a  good  chance  of  success.  But 
in  the  absence  of  adverse  factors  such  as  disease  or  winter  killing 
and  with  well-adapted  varieties  already  available,  the  method  is 
not  capable  of  producing  more  than  a  slight  improvement.  This 
is  surprising  in  view  of  the  obvious  variability  between  single 
plants  in  the  population  in  which  selection  starts.  Studies  on 
general  and  specific  combining  ability  in  respect  of  yield  usually 
show  a  significant  non-additive  component.  It  seems  probable 
that  the  limitation  of  this  method  is  at  least  partly  due  to  a  short¬ 
age  of  additive  variation  (which  is  about  all  it  can  use)  in  a 
population  which  has  already  undergone  considerable  natural 
selection. 

To  make  use  of  non-additive  variation  some  method  of  pro¬ 
ducing  chosen  crosses  on  a  commercial  scale  is  needed.  Three 
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main  methods  of  doing  this  are  at  present  being  tried  in  different 
parts  of  the  world.  The  simplest  is  just  to  increase  clonally  the 
parents  of  the  cross  and  base  commercial  seed  production  directly 
on  the  two  clones.  This  may  seem  an  expensive  way  of  producing 
seed,  but  if  the  forage  yield  advantage  of  the  resulting  variety  is 
high  enough,  it  may  well  turn  out  to  be  feasible,  especially  as 
lucerne  seed  production  is  becoming  increasingly  a  specialized 
activity  and  as  high  yields  can  be  obtained  from  spaced  plants. 

Another  possible  method  is  to  use  male  sterility  to  control 
fertilization,  commercial  seed  being  harvested  from  rows  of  male- 
sterile  plants  growing  between  rows  of  male-fertile  plants.  Seed 
produced  in  this  way  could  be  completely  non-inbred.  If  the 
variety  it  is  intended  to  replace  normally  reproduced  itself  with 
15  per  cent  self-fertilization,  its  inbreeding  coefficient  would  be 
about  4  per  cent  and  so  the  hybrid  seed  might  have  an  advantage, 
other  things  being  equal,  of  up  to  8  per  cent.  The  advantage 
could  be  less  than  8  per  cent,  since  this  figure  is  based  on  results 
with  spaced  plants.  In  solid  drills,  the  non-inbred  plants  may 
crowd  the  inbreds  when  both  are  present.  A  disadvantage  of  this 
method  is  that  seed  yields  on  male-sterile  plants  are  low.  This  is 
presumably  because  bees  mainly  pollinate  lucerne  when  they  are 
gathering  pollen ;  they  might  well  avoid  male-sterile  plants.  This 
is  in  contrast  to  beans,  where  at  least  some  nectar-gatherers  effect 
pollination. 

A  third  possible  way  of  controlling  pollination  is  to  make  use 
of  lucerne’s  resistance  to  inbreeding.  The  number  of  pods  obtained 
per  100  flowers  is  linearly  and  negatively  related  to  the  inbreeding 
coefficient  of  the  offspring  the  mating  concerned  would  produce. 
The  number  of  seeds  per  pod  falls  off  even  more  rapidly  at  low 
levels  of  inbreeding.  If  a  mixture  is  sown  of  two  single  crosses 
between  inbred  lines,  it  seems  likely  that  most  of  the  seed  the 
mixture  produces  will  represent  crosses  between  the  single  crosses. 
Sib  matings  will  be  at  a  double  disadvantage,  in  respect  of  seeds 
per  pod  and  pods  per  100  flowers.  The  double-cross  seed  will 
have  an  inbreeding  coefficient  one-ninth  of  that  of  the  inbred  lines, 
the  maximum  possible  being  11  per  cent.  If  the  inbred  lines  had 
been  selfed  for  three  generations,  the  double  cross  seed  would  be 
about  as  much  inbred  as  a  population  reproducing  with  15  per 
cent  selfing.  The  main  disadvantage  of  this  method  is  that  the 
work  of  producing  and  testing  inbred  lines  is  extremely  time- 
consuming.  Like  the  other  two  mentioned,  its  practical  value  still 
has  to  be  determined. 

In  lucerne,  as  in  any  cross-fertilizing  crop,  methods  such  as 
those  just  outlined  have  the  attraction  for  the  breeder  that  they 
allow  him  to  exploit  variation  which  with  other  methods  is  useless 
or  even  a  nuisance.  For  commercial  seed  firms  they  have  an 
added  attraction  in  that  the  improvement  achieved  is  not  main¬ 
tained  in  further  generations  of  reproduction.  Thus  the  protection 
which  otherwise  is  only  possible  given  plant  variety  rights  is 
automatically  built  in.  Considering  the  United  States  as  an 
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example  of  a  country  where  lucerne  is  an  important  crop,  the 
annual  production  of  seed  there  is  of  the  order  of  200,000,000  lb., 
with  a  gross  retail  value  of  the  order  of  $100,000,000.  It  will  be 
seen  that  a  thorough  understanding  of  the  reproductive  biology  of 
lucerne  is  of  more  than  academic  interest  and  one  might  predict 
with  reasonable  confidence  that  “hybrid  alfalfa”  will  make  a 
successful  debut  there  before  many  years  have  passed. 

Before  leaving  lucerne,  two  other  aspects  of  its  polyploidy  need 
mention.  If  one  doubles  the  chromosome  number,  one  produces 
octoploids  and  nobody  has  found  much  economic  promise  in  these. 
Hexaploids  have  shown  more  promise,  but  so  far  nobody  has  over¬ 
come  the  difficulty  of  poor  seed  yield. 

The  other  aspect  of  polyploidy  to  consider  briefly  is  its  function 
as  a  barrier  to  crossing.  The  section  Falcago  of  Medicago  appears 
to  the  plant  breeder  as  one  huge  species  with  diploid  and  tetra- 
ploid  forms.  All  the  diploids  and  some  of  the  tetraploids  are 
wild  and  so  a  breeder  wishing  to  transfer  a  character  from  a  wild 
lucerne  to  cultivated  may  encounter  a  difference  in  ploidy.  This 
prevents  crossing  if  the  tetraploid  is  used  as  female  but  if  it  is  used 
as  male  some  hybrids  are  obtained  and  some  of  these  are  tetra¬ 
ploid.  This  occurs  naturally  if  the  two  forms  are  cross-pollinated 
by  bees  in  the  field,  a  method  which  has  in  fact  been  used  to  get 
hybrids  of  M.  sativa  and  diploid  M.  falcata.  The  tetraploid 
hybrids  are  fully  fertile  and  are  very  conspicuous  because  of  their 
flower  colour :  M.  falcata  has  yellow  flowers  but  the  hybrids  are 
purple  in  the  bud,  greenish-purple  in  the  newly  opened  flowers, 
fading  to  a  greenish  yellow.  It  appears  therefore  that  the  ploidy 
difference  may  prevent  introgression  of  diploid  lucerne  into  tetra¬ 
ploid  but  not  vice  versa.  An  F1  hybrid  tends  to  resemble  the  wild 
species  in  vegetative  features  and  if  there  is  no  obvious  difference 
in  flower  colour,  it  may  be  better  to  double  the  chromosomes  of 
the  diploid  before  making  the  cross.  Then  by  using  M.  sativa  as 
female  and  excluding  selfing  by  emasculation,  or  by  using  male 
sterile  plants,  or  by  using  inbred  plants,  abundant  hybrids  can  be 
produced. 

In  conclusion,  it  is  hoped  that  the  four  examples  chosen  show 
how  the  reproductive  biology  of  a  crop  influences  the  plant 
breeder’s  approach  to  it,  the  key  element  being  the  status  of  the 
crop  with  respect  to  inbreeding.  In  the  cases  considered,  this  is 
known  with  fair  accuracy. 

With  strict  autogamy,  as  in  peas,  hybridization  followed  by 
natural  inbreeding  with  selection  is  the  favoured  method.  It 
leads  to  uniform  varieties,  in  this  case  a  great  many  of  them,  and 
the  diversity  found  in  the  crop  is  nearly  all  between  varieties. 
The  only  alternative  to  this  method  seems  to  be  the  utilization  of 
induced  mutations.  Forcing  a  change  to  allogamous  reproduction 
is  being  attempted  with  some  autogamous  crops,  in  the  hope  of 
exploiting  hybrid  vigour,  but  does  not  appear  at  present  to  be 
technically  feasible  with  peas. 
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When  allogamy  is  frequent  or  is  the  rule,  the  breeder  must 
take  precautions  to  avoid  undue  inbreeding  in  his  final  product. 
With  the  more  traditional  methods,  he  has  to  leave  some  diversity 
within  the  variety  he  produces,  utilizing  mainly  the  additive 
genetic  variability.  If  he  can  get  control  of  fertilization  on  a  mass 
scale,  he  can  go  further,  reducing  the  variability  within  his  variety 
and  so  gaining  precision  in  his  selection.  He  may  also  get  a  bonus 
in  the  form  of  hybrid  vigour,  if  he  can  so  arrange  things  that  his 
variety  is  less  inbred  than  the  pre-existing  varieties.  A  point 
which  has  not  been  illustrated  by  any  of  the  examples  is  that  the 
inbreed'ng  status  of  a  crop  does  not  depend  merely  on  the  mode 
of  fertilization  but  also  on  the  effective  population  size.  When 
this  factor  enters,  as  for  example  in  horticultural  types  in  Brassica, 
the  inbreeding  status  may  be  quite  difficult  to  determine.  To 
discuss  this  problem  would  lead  too  far  from  the  topics  indicated 
by  the  title. 

Finally,  it  should  be  stressed  that  while  a  knowledge  of  the 
reproductive  biology  of  his  crop  is  necessary  for  a  plant  breeder, 
he  still  has  to  choose  the  right  objectives,  the  right  material  and 
the  right  selection  methods. 
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Introduction 

With  the  increasing  importance  of  grassland  in  British  and 
World  Agriculture  and  particularly  in  consequence  of  the  pioneer¬ 
ing  work  of  Stapledon  and  his  co-workers  at  Aberystwyth,  a 
great  wealth  of  factual  information  has  accumulated  on  the  more 
important  grass  species.  Early  work  quickly  recognised  ecotypic 
variation  and  there  is  now  recorded  a  vast  amount  of  data  on 
genotypic  variation  within  the  species  with  regard  to  almost  all 
aspects  of  form  and  function.  It  is  only  with  the  development  of 
techniques  in  biometrical  genetics,  however,  that  we  have  been 
able  to  gain  an  insight  into  the  genetic  systems  underlying  this 
heritable  variation.  In  these  studies  ryegrasses  ( Lolium  spp.) 
have  played  an  important  role ;  not  only  because  of  their  import¬ 
ance  as  an  agricultural  crop,  but  also  because  of  their  wide 
distribution  and  particularly  because  they  are  diploids  lending 
themselves  to  cytological  and  genetic  studies.  Professor  Mather 
has  indicated  the  importance  and  significance  of  breeding  systems 
in  controlling  heritable  variation.  It  would  be  profitable,  there¬ 
fore,  to  review  the  reproductive  systems  in  ryegrasses  and  see  how 
these  are  associated  with  variability  and  adaptability. 

The  genus  Lolium 

There  are  now  six  species  recognised  in  the  ryegrass  complex, 
all  with  the  diploid  number  of  chromosomes  (2n=14).  They  are 
all  to  some  extent  interfertile  but  on  this  count  fall  into  two 
groups,  with  members  of  one  group  not  readily  forming  fertile 
hybrids  with  members  from  the  other  (Jenkin,  1954).  The  two 
groups  also  differ  in  their  mating  behaviour. 

The  first  group  are  inbreeding  annuals  and  include  the  species 
L.  loliaceum  Hand.-Maz.,  L.  temulentum  L.  and  L.  remotum 
Schrank.  Their  floral  structure,  although  basically  graminaceous, 
has  been  modified  so  that  on  flowering  the  anthers  are  only  weakly 
exserted  from  the  enclosing  pales  and  the  pollen  is  shed  into  the 
floret,  thus  ensuring  a  high  degree  of  self  fertilization.  L.  temu¬ 
lentum  and  L.  remotum  were  at  one  time  common  weeds  of 
cereals  and  flax  respectively,  and  we  can  surmise  that  the  inbreed¬ 
ing  system  evolved  to  match  that  of  their  companion  crops, 
giving  them  high  fitness  for  the  arable  conditions  which  they 
exploited.  With  improved  cultural  conditions  they  have  now  been 
virtually  eliminated  as  weeds  in  these  crops  and  are  only  rarely 
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found  on  wasteland  and  rubbish  dumps  (Hubbard,  1954)  thus 
paying  the  penalty  of  the  sacrificed  variability  which  is  a  con¬ 
sequence  of  their  mating  system,  and  lending  force  to  the 
contention  of  Darlington  and  Mather  (1949)  that  inbreeding  is  an 
evolutionary  dead  end. 

It  is  of  course  no  coincidence  that  most  important  agricul¬ 
turally  is  the  second  group,  which  is  outbreeding  and  hence  might 
be  expected  to  possess  the  variability  which  can  be  exploited  by 
changing  farming  systems.  At  flowering  time  the  florets  have  the 
chasmogamous  behaviour  of  wind-pollinated  plants  with  the 
anthers  extruded  before  dehiscence.  This  cross-breeding  device  is 
reinforced  by  a  system  of  self-incompatibility  so  that  usually  no 
seed  is  set  on  enforced  selling.  There  is,  however,  some  variation 
in  the  efficiency  of  this  system  and  its  genetic  control  has  yet  to 
be  fully  elucidated.  Even  where  self  breeding  is  possible,  con¬ 
siderable  inbreeding  depression  occurs  and  lines  rarely  survive 
beyond  the  2nd  or  3rd  generation  of  inbreeding.  Hybridity, 
therefore,  is  generally  at  a  premium  and  heterozygous  balance  well 
established. 

This  group  comprises  L.  rigidum  Gaud.,  a  winter  annual  of  the 
Mediterranean  region;  L.  multiflorum  Lam.,  which  includes 
biennial  and  weakly  perennial  forms,  and  L.  perenne  L.  which 
shows  a  range  from  near  annual  to  strongly  perennial  types.  The 
group  is  almost  fully  interfertile  (Jenkin,  1954;  Naylor,  1960)  and 
there  seem  to  be  few  barriers  to  gene  exchange.  It  is  debatable, 
therefore,  whether  the  species  should  be  given  specific  rank  and 
for  the  purposes  of  this  paper  we  can  regard  the  other  two  species 
as  variants  of  L.  perenne. 

Distribution  and  adaptation  in  L.  perenne 

Lolium  perenne  has  a  wbde  distribution  in  grasslands  through¬ 
out  Eurasia,  being  limited  apparently  only  by  soil  moisture  and 
fertility.  The  species  presents  an  extensive  array  of  climatic 
adaptations,  from  winter  growing  Mediterranean  types  capable  of 
growing  under  low  temperature  and  low  light  intensities  to  the 
near  winter-dormant  types  of  northern  latitudes.  There  is,  how¬ 
ever,  a  close  positive  association  between  the  ability  to  grow 
during  the  winter  and  frost  susceptibility  (Cooper,  1962). 

The  control  of  flowering  also  shows  climatic  adaptation 
(Cooper,  1960).  Thus  varieties  from  northern  latitudes  require 
an  inductive  period  of  cold  and  /  or  short  days  before  flowering  will 
occur,  whilst  populations  from  the  Mediterranean  have  little  or 
no  requirements  of  this  sort.  This  requirement  is  of  especial 
interest  because  in  the  temperate  grasses  it  forms  a  basis  for  the 
perennial  habit.  It  ensures  that  grass  tillers  (the  vegetatively 
reproduced  grass-units)  formed  in  one  season  shall  not  flower  until 
the  next.  This  provides  for  vegetative  continuity  from  season  to 
season.  As  a  consequence,  plants  of  the  Mediterranean  region  are 
often  short-lived  and  in  the  extreme  case  of  L.  rigidum  function 
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as  winter  annuals  and  so  escape  the  summer  drought  in  the  form 
of  seed. 

No  less  striking  is  the  range  in  local  adaptation  to  differences 
in  pasture  management  and  soil  types.  The  influence  of  different 
grazing  intensities  has  been  particularly  well  studied  and  results 
in  the  profound  modification  of  flowering  time  and  habit  of  growth. 
Very  many  other  plant  characteristics  have  now  been  studied  in 
this  species  and  all  show  considerable  adaptive  variation. 

The  general  genetic  control  of  variation 

All,  or  practically  all,  of  the  characters  studied  show  continuous 
variation  and  it  can  be  inferred  that  each  is  under  the  control  of 
many  genes  (i.e.  polygenically  controlled).  A  closer  study  of  the 
way  these  polygenic  systems  operate  is  afforded  by  the  selection 
experiments  carried  out  by  Dr.  Cooper  at  Aberystwyth  (Cooper, 
1961).  He  worked  with  two  varieties  of  L.  perenne  which  have 
become  differentiated  due  to  management  practices.  The  first, 
Irish  perennial  ryegrass,  is  a  heavily  seeding,  short-lived  variety 
which  has  been  subjected  to  about  50  generations  of  early  harvest¬ 
ing  for  seed.  The  heading  date  is  on  the  average  3-4  weeks  earlier 
than  that  of  the  second  variety,  Kent,  which  is  harvested  from 
old,  heavily-grazed  pastures.  Selecting  from  early  and  late  head¬ 
ing  representatives,  Dr.  Cooper  obtained  immediate  and  sustained 
response,  so  that  within  four  generations  he  had  established  lines 
of  Irish  which  covered  the  range  of  Kentish  and  vice  versa.  By 
the  seventh  generation  he  had  established  lines  which  were  wTell 
outside  the  range  of  either  parent  variety.  As  well  as  a  direct 
response  in  the  selected  character  there  were,  however,  other  corre¬ 
lated  responses  which  resulted  finally  in  cytological  upsets  and 
consequent  infertility. 

Essentially  the  general  situation  was  analogous  to  that  re¬ 
ported  by  Mather  and  Harrison  (1949)  in  their  classical  selection 
experiments  with  Drosophila ,  and  which  we  now  expect  to  occur 
in  all  outbreeding  organisms.  That  is,  most  individuals  are  highly 
heterozygous  and  carry  a  large  amount  of  potential  (cryptic) 
variation,  but  within  each  population  the  gene  systems  controlling 
different  characters  are  closely  adjusted  in  action  and  transmis¬ 
sion,  within  themselves  and  relative  to  each  other,  to  meet  the 
needs  of  the  population  (viz.  they  are  relationally  balanced) 
(Mather,  1960).  Intense  selection  for  one  character  can  then 
disturb  this  balance,  often  causing  upsets  in  fertility,  which  can 
act  as  a  brake  on  response  This  genetic  inertia,  as  it  has  been 
termed,  was  very  evident  in  the  Drosophila  experiments.  But,  by 
contrast,  it  is  not  so  obvious  in  the  ryegrass  experiments,  as 
demonstrated  by  the  extremely  rapid  and  sustained  response 
obtained  by  selection  before  fertility  upsets  became  apparent. 
The  same  easy  flow  of  variability  has  been  obtained  in  selection 
experiments  with  other  characters.  Again,  in  crosses  between 
populations  there  does  not  appear  to  be  any  particular  physio¬ 
logical  imbalance  of  the  F:  generations  (Breese,  1960).  It  would 
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appear,  therefore,  that  the  fine  balance  achieved  by  the  differenti¬ 
ally  adjusted  genetic  systems  which  accompanies  population 
differentiation  in  Drosophila  (and  has  been  reported  for  other 
organisms)  is  lacking  in  L.  perenne.  Indeed,  the  lack  of  barriers 
to  effective  gene  flow  between  the  three  recognised  species  in  this 
group  serves  to  emphasize  this,  although  at  this  level  some 
evidence  of  segregational  imbalance  begins  to  appear  between  the 
annual  L.  rigidum  and  the  other  species. 

The  reason  is  undoubtedly  to  be  found  in  the  perennial  habit. 
Stebbins  (1958)  has  pointed  out  that  perennial  plants  not  only 
show  more  frequent  cross  fertilisation  but  also  weaker  isolating 
mechanisms  than  annuals  or  ephemerals  like  Drosophila.  Studies 
carried  out  by  myself  and  my  colleagues,  Dr.  A.  H.  Charles  and  Dr. 
M.  D.  Hayward,  seek  to  examine  this  situation  further. 

Heritability  patterns  in  persistent  populations 

These  studies  involve  populations  deriving  from  an  old- 
established  grassland  area  of  about  30  square  miles  known  as  the 
Monmouthshire  moors  or  flats.  The  area  borders  the  Severn 
estuary,  is  low  lying  and  drained  by  a  system  of  dykes.  The 
edaphic  conditions  do  not  lend  themselves  to  ploughing  and  so 
there  is  little  chance  that  any  artificial  reseeding  of  the  pastures 
has  taken  place,  and  it  can  be  regarded  as  one  of  the  few  remain¬ 
ing  natural  grasslands  in  the  country.  Altogether  40  samples  of 
ryegrass  were  taken  from  each  of  23  sites  which  varied  in  manage¬ 
ment  and  soil  type. 

Initally  the  material  was  vegetatively  propagated  and  studied 
as  spaced  plants  under  standard  conditions  (Breese  and  Charles, 
1962).  Very  great  differences  in  a  number  of  characters  were 
found  between  populations  while  the  variation  within  populations 
was  surprisingly  low,  although  there  was  no  reason  to  believe  that 
the  40  independent  samples  contained  the  same  genotype  more 
than  once.  Two  of  the  characters  measured  could  be  related  to 
known  variables  in  the  original  habit  and  so  must  have  had 
some  adaptive  significance.  As  such,  they  have  received  first 
consideration.  The  first  character,  date  of  heading,  was  related 
to  the  intensity  of  grazing  and  it  was  found  that  the  heavier  the 
grazing  the  later  the  heading.  The  second,  yield  of  a  hay-cut 
taken  some  2-3  weeks  after  head  emergence,  was  positively 
associated  with  the  percentage  of  ryegrass  in  the  original  sward 
and  so,  in  some  way,  must  be  a  measure  of  competitive  ability. 

Our  initial  genetic  studies  involved  crossing  10  of  these 
populations  in  all  possible  combinations  (diallely).  Analysis  of 
Fj  data  showed  considerable  genetic  variation,  but  again  no 
evidence  that  the  obvious  phenotypic  differences  between  the 
populations  were  associated  with  differentially  adjusted  polygenic 
systems.  In  other  words,  there  was  no  suggestion  that  the  in¬ 
dividuality  in  expression  of  any  population  depended  on  an 
integrated  and  uniquely  adjusted  polygenic  system  such  as  would 
be  expected  if  regeneration  was  by  sexual  means.  What  we  did 
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find,  was  evidence  of  reciprocal  differences  indicating  considerable 
maternal  control  of  these  mature  plant  characteristics. 

At  this  point  we  need  to  re-examine  the  past  ecology  of  these 
populations.  They  derive  from  a  permanent  grassland  area,  many 
of  them  from  dense  swards  managed  in  such  a  way  as  to  restrict 
severely  the  production  of  seed  heads.  Under  these  conditions, 
regeneration  by  sexual  means  must  have  been  extremely  rare, 
since  establishment  from  any  chance  seed  would  have  been  largely 
precluded  by  plant  density.  Survival  in  the  sward  would  have 
depended,  therefore,  on  perenniality.  But  it  will  be  recalled  that 
the  perennial  habit  is  secured  by  the  overwintering  of  vegetatively 
reproduced  tillers  which  themselves  rarely  survive  the  subsequent 
season.  Perenniality  thus  depends  on  continuous  asexual  repro¬ 
duction,  and  the  grass  plant  may  be  regarded  as  a  dynamic 
aggregate  of  short-lived  plantlets  or  tillers  (Langer,  1956).  If,  on 
ecological  as  well  as  genetical  grounds,  sexual  reproduction  seems 
to  be  at  a  discount  in  the  differentiation  of  these  populations,  we 
should  perhaps  look  more  closely  at  the  asexual  process. 

Extranuclear  variation 

With  this  in  mind,  we  carried  out  a  small  selection  experiment 
to  detect  what  variation  existed  within  clones  of  perennial  rye¬ 
grass.  The  results  are  reported  in  detail  by  Breese,  Hayward  and 
Thomas  (1965).  Three  populations  were  involved,  two  of  them 
deriving  from  the  Monmouthshire  moors  and  having  a  history  of 
persistency,  and  the  third  being  the  short  lived  variety  Irish  P.R.G. 
In  each  population  clones  were  established  from  2  seedlings  and  in 
each  clone  selection  lines  were  started  for  high  and  low  rates  of 
tillering.  The  selection  proceeded  over  18  months  of  vegetative 
reproduction  and  involved  four  cycles  of  selection.  In  the  per¬ 
sistent  populations,  consistent  and  directional  responses  were 
obtained  in  the  representative  clones  to  such  an  extent  that 
original  genotypic  differences  were  obscured  by  differences  be¬ 
tween  the  selection  lines  in  any  one  clone.  These  somatic  selection 
lines  have  been  termed  plasmatypes  and  must  owe  their  origin  to 
changes  in  the  cell  outside  the  nucleus  (i.e.  in  the  cytoplasm  or, 
more  comprehensively,  the  plasmon).  Thus  here  we  have  a 
mechanism  allowing  adjustment  during  asexual  reproduction,  and 
extranuclear  in  origin,  so  that  the  uniformity  we  saw  in  our 
original  swards  need  not  bespeak  an  adjustment  at  the  chromo¬ 
somal  level. 

It  must,  however,  be  pointed  out  that  this  plasmon  variability, 
which  the  evidence  suggests  is  adaptive,  is  still  under  nuclear 
control.  Thus  between  the  four  genotypes  of  the  persistent 
populations  there  was  evidence  of  differential  response  curves 
while  in  the  short-lived  variety  Irish  P.R.G.  no  response  at  all  was 
elicited.  Evidently  the  property  to  respond  depends  on  a  past 
history  of  selection  for  nucleus  and  plasmon  coincidentally  under 
long-term  perennial  conditions.  It  still  remains  for  us  to  deter¬ 
mine  how,  and  to  what  extent  the  plasmon  variability  is  preserved 
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over  sexual  generations  and  whether  it  is  related  to  the  reciprocal 
differences  we  obtained  in  our  diallel-cross  experiment. 

Summary  of  reproductive  systems 

I  have  attempted  to  review  briefly  the  range  of  reproductive 
systems  and  their  possible  significances  in  the  Lolium  complex. 
The  situation  is  summarised  in  fig.  4.  At  the  sexual  level  we  first 
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have  the  three  annual  inbreeding  species,  highly  specialized, 
relatively  invariable  and,  as  a  consequence,  perhaps  doomed  to 
extinction.  In  the  outbreeding  complex  there  is  a  range  from  the 
strictly  annual  to  the  strongly  perennial.  But  this  perenniality  is 
achieved  by  asexual  reproduction  which,  as  we  have  seen,  in  this 
genus  adds  a  new  dimension  to  the  supply  and  control  of  varia¬ 
bility.  Such  an  adaptive  extranuclear  variability  can  confer  a 
considerable  plasticity  on  the  plant;  it  also  takes  over  from  the 
nuclear  genes  the  responsibility  in  providing  for,  and  safeguard¬ 
ing  against,  short  term  response.  In  the  more  persistent  fraction 
we  can  now  understand  why  phenotypic  differentiation  between 
populations  need  not  be  accompanied  by  differential  adjustments 
of  the  gene  systems.  It  can  explain  the  apparent  absence  of 
isolation  mechanisms,  because  the  main  requirement  at  the 
chromosomal  level  will  now  be  to  provide  a  free  flow  of  variability 
which  can  exploit  drastically  changing  ecological  conditions  or 
colonize  new  areas.  In  other  words,  the  lack  of  a  close  control 
over  variability  at  the  chromosomal  level  provides  a  coarse  adjust¬ 
ment  to  longer  term  and  more  drastic  changes  in  the  environment, 
while  variation  at  the  plasmon  level  provides  a  finer  adjustment  to 
short  term  and  less  drastic  changes.  Perhaps  this  dual  control  of 
variability  can  explain  why  the  outbreeding  Lolium  complex  has 
adapted  itself  so  successfully  to  such  a  wide  range  of  climatic  and 
ecological  conditions  without  any  great  chromosome  differentia¬ 
tion,  or  the  changes  in  levels  of  ploidy  which  have  been  so  marked 
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in  other  species  (Stebbins,  1949).  But  before  this  can  be 
substantiated  a  more  detailed  knowledge  of  genetic  control  is 
required,  covering  a  wider  range  of  characters  and  populations. 


Plant  breeding  implications 

As  Mather  (1960)  has  pointed  out,  the  adjustments  and 
adaptations  imposed  on  genetic  systems  by  the  natural  selection 
of  the  past  will  limit  and  channel  the  responses  to  future  selection. 
The  plant  breeder,  therefore,  has  to  exploit  the  situation  as  he 
finds  it,  working  with  finite  numbers  and  within  a  limited  time 
scale,  neither  of  which  approach  evolutionary  dimensions.  He 
can  nudge  nature  but  must  avoid  antagonism. 

However,  in  the  outbred  ryegrasses  the  uncomplicated  nature 
of  the  polygenic  systems  and  the  lack  of  isolating  mechanisms 
indicate  that  effective  selection  should  be  possible  in  populations 
and  in  crosses  between  them.  Indeed  the  selection  experiment  of 
Dr.  Cooper  and  his  co-workers  at  Aberystwyth  have  demonstrated 
this  for  a  large  number  of  characters  when  working  within 
varieties,  and  we  are  investigating  the  potentialities  in  crosses 
between  populations. 

In  the  formation  of  varieties  we  have  seen  that  the  breeding 
system  does  not  lend  itself  to  the  formation  of  inbred  lines,  either 
to  be  used  as  such  or  in  the  production  of  uniform  Fx  hybrids  as 
in  maize.  In  grasses  the  essential  heterozygous  balance  is  main¬ 
tained  by  the  formation  of  artificial  populations  called  synthetic 
varieties.  These  are  formed  in  the  following  way.  At  the  end  of 
a  selection  cycle  or  programme,  selected  plants  are  crossed  in  all 
possible  combinations  and  the  individual  progenies  tested.  Only 
plants  which  show  good  combining  ability  with  the  others  are 
included  in  the  variety  thus  ensuring  that  the  chromosomes  of 
the  group  have  a  good  relational  balance.  The  minimum  number 
of  these  basic  plants  is  held  at  6-8  to  avoid  too  close  inbreeding 
and  consequent  depression.  They  are  maintained  vegetatively, 
and  seed-increase  for  commerce  is  carried  out  in  isolation  and 
limited  to  four  generations  to  curtail  opportunities  for  uncon¬ 
scious  selection.  The  synthetic  variety  can  thus  be  viewed  as  an 
artificial  population  with  a  balanced  genetic  system  maintained  by 
artificially  imposed  isolation. 

At  the  moment  such  breeding  methods  seek  to  exploit  the 
nuclear  variation  and  thus  manipulate  only  the  coarse  adjustment 
open  to  the  perennials.  With  short-term  leys  and  large  changes 
visualized  in  grassland  husbandry  this  is  undoubtedly  the  correct 
approach.  We  are  not  in  a  position  yet  to  exploit  extranuclear 
variation  at  the  asexual  level  and,  until  further  research  into  this 
phenomenon  has  been  carried  out,  I  for  one  would  hesitate  to 
predict  how  and  to  what  extent  this  finer  adjustment  can  be 
utilized. 
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Discussion 

Prof.  Mather  said  that  he  was  not  clear  as  to  what  Dr.  Breese  was 
selecting  from  and  asked  whether  the  original  plants  were  seedlings. 

Dr.  Breese  replied  that  both  seedlings  and  vegetative  material  from 
old  clones  had  been  used.  Response  was  only  obtained  in  the  seedling 
material. 

Prof.  Mather  observed  that  there  was  no  guarantee  that  plants  from 
the  Monmouthshire  moors  were  from  clones  existing  from  Roman  times. 
Over  time  these  clones  might  well  be  replaced  by  seedlings  which  would 
grow  up  into  new  clones,  but  it  was  not  possible  to  know  how  long 
this  would  take.  He  asked  whether  the  plants  were  fully  sexual, 
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Dr.  Breese  replied  that  work  carried  out  by  his  colleague,  Dr.  Hayward, 
had  shown  that  the  production  of  flowering  heads  in  the  material  from 
these  old  established  pastures  was  variable.  However,  the  degree  of 
cross-fertility  was  generally  very  low.  The  somatically  selected  lines 
(plasmatypes)  appeared  to  be  shy  in  head  production  but  this  might  well 
have  been  due  to  their  not  having  received  a  sufficient  induction  period 
during  the  winter. 

Prof.  Mather  continued  the  discussion  by  saying  that  with  Irish,  unlike 
Welsh  rye  grass,  the  cytoplasm  does  not  seem  variable,  so  the  data  indicate 
genetic  control  of  cytoplasm,  and  thus  have  considerable  theoretical 
importance. 

Dr.  Haskell  mentioned  the  fact  that  many  years  ago  in  the  Clyde 
Valley,  strawberries  suffered  badly  from  a  sudden  fungal  attack  on  the 
roots  so  that  tomatoes  are  now  the  main  growers’  crop.  One  so-called 
“mad”  grower  continued  to  grow  strawberries  and  selected  strains  for 
resistance  to  the  disease — red  core.  He  now  has  completely  resistant  lines, 
but  nobody  believes  him.  He  obtained  this  resistance  by  vegetative 
selection. 

Dr.  Young  asked  Mr.  Fyfe  whether  there  was  tetraploid  Medicago 
falcata  in  cultivation  in  the  U.S.A.  If  so,  did  it  hybridise  with  lucerne,  and 
was  the  hybrid  used  in  commerce?  In  fact  was  continental  material 
tetraploid  x  diploid  M.  falcata  and  what  was  the  true  diploid  M.  falcata ? 

Mr.  Fyfe  replied  that  pure  M.  falcata,  with  yellow  flowers  and  falcate 
pods,  is  very  rarely  grown  as  a  crop.  When  the  cultivation  of  M.  sativa 
spread  across  Europe,  introgression  by  M.  falcata  occurred  and  much 
cultivated  lucerne  shows  some  influence  of  M.  falcata.  The  process  has  also 
been  copied  by  some  lucerne  breeders.  Diploid  M.  falcata  appears  to  be 
common  in  and  near  the  Caucasus,  and  has  been  reported  as  far  west  as 
Germany.  It  is  not  known  to  occur  wild  in  England  where  only  the  more 
widely  distributed  tetraploid  has  been  found.  Wild  tetraploid  hybrids  of 
M.  sativa  and  M.  falcata  are  common  in  western  Europe  (they  are  some¬ 
times  called  M.  varia ).  They  used  to  be  common  in  Breckland  but  since 
the  rabbits  declined  and  the  plant  communities  became  more  closed,  there 
is  an  impression  that  pure  M.  falcata  is  becoming  commoner  and  the 
hybrids  less  common  there. 

Prof.  Mather  recalled  that  Mr.  Fyfe  had  mentioned  that  some  Brassica 
types  might  be  inbred,  though  he  himself  thought  these  forms  were  sup¬ 
posed  to  have  incompatibility  systems.  He  therefore  wished  to  ask  for 
more  information  on  that  point. 

Mr.  Fyfe  replied  that  he  was  referring  to  cauliflower  and  broccoli. 
Selling  was  easy  and  there  was  little  inbreeding  depression,  so  that  they 
seemed  to  behave  as  inbreeders.  The  explanation  was  probably  one  of 
restriction  of  the  effective  size  of  populations.  There  had  been  in  the 
past  small  acreages  of  prized  seeds,  grown  by  single  farmers  and  with 
little  interchange  of  seed,  which  meant  effectively  that  there  were  small 
populations.  Thompson  had  studied  self  incompatibility  systems  and  found 
weak  alleles  to  be  commoner  in  horticultural  than  in  agricultural  varieties. 

Prof.  Mather  pointed  out  that  Brussel  sprouts  seemed  to  offer  good 
prospects  for  hybrid  breeding,  and  mentioned  that  the  Wellesbourne  work 
suggested  that  this  crop  normally  outbreeds. 
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Mr.  Fyfe  agreed  that  it  was  a  good  case  of  the  exploitation  of  the 
“hybrid  corn”  method. 

Prof.  Hawkes  mentioned  that  Lycopersicon  esculentum  was  outbreed¬ 
ing  in  the  wild  but  inbreeding  in  cultivation. 

Prof.  Harper  referred  to  Dr.  Breese’s  somatic  selection  by  observing 
that  virus  transmission  in  some  plants  was  faster  than  the  rate  of  growth 
— a  possible  way  of  transmitting  cytoplasmic  factors.  If  he  was  selecting 
for  plasmon  features,  tiller  age  might  be  of  critical  importance. 

Dr.  Breese  agreed  and  stated  that  they  were  going  to  study  this. 

Prof.  Lewis  asked  if  Dr.  Breese  had  relaxed  somatic  selection  in  any 
lines. 

Dr.  Breese  replied  that  he  had  done  so  after  four  cycles  of  selection. 
At  this  stage  tillers  had  been  taken  at  random  from  each  selection  line 
for  test  purposes.  Subsequent  counts  showed  that  in  each  genotype  the 
line  values  had  regressed  towards  the  mean,  but  differences  were  still 
significant  and  the  mother/daughter  correlation  high 
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General 

The  concurrent  evolution  of  flowers  and  visiting  insects  is 
shown  in  the  diagram  of  synchrony  (Table  3).  The  insects  first 
involved  were  all  beetles,  then  also  parasitic  wasps,  solitary  bees 
and  social  wasps  and  only  towards  the  end  of  the  Tertiary  Period 
the  Apinae,  or  social  bees. 


Table  3 


Synchrony  of  flowering  plants  and  some  animals 


Age 

Plants 

Pollinators 

2,000,000  Pleistocene 

Pliocene 
Tertiary  Miocene 

Oligocene 

60,000,000  Eocene 

Lepidoptera 
Apoideae  j  and 

Bombineae  J  Hymenoptera 
abundant 
Megachiroptera 
Syrphidae 

Upper 

Cretaceous 

Lower 

120,000,000 

Angiosperms 

abundant 

Cycads,  Conifers, 

First 

Angiosperms 

?  Higher  Lepidoptera 

Chalcidae  Hymenoptera 

Upper 

Jurassic  Middle 

Lower 

140,000,000 

?  Angiosperms 

Cycads,  Conifers, 

Benettittales 

Primitive  Lepidoptera 
Primitive  Hymenoptera 
(Ichneumonidae) 
Diptera 

Coleoptera  abundant 

Triassic 

180,000,000 

Conifers,  Cycads 

Primitive  Diptera 
Coleoptera 

Upper 

Permian 

Lower 

Primitive  Coleoptera 
Odonata,  Neuroptera 
Blattaria,  Hemiptera 
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The  earliest  known  fossil  that  may  have  represented  an  orchid 
is  Protorchis  from  the  Eocene  of  Monte  Bolca,  probably  before  the 
rise  of  the  higher  Apoideae. 


Figure  5 

The  interrelationships  of  some  characters  in  orchids 

epiphytic 
habit 


mycotrophy 


/ 


anemochory 


small 

seeds 


barriers 


pollinating 
many  ovules 


chance  dispersal 


reduction 
in  stamens 


mechanics, 

Hyaenoptera 


speciation- 


pollinator 

specificity 


Another  scheme,  reproduced  here  (Fig.  5),  shows  the  inter¬ 
relations  of  some  characters  in  orchids.  From  a  physiological 
angle  the  upper  part  has  been  considered  as  phyletic,  even  by 
Darwin.  The  enormous  quantity  and  smallness  of  mycotrophous 
seeds  was  thought  to  have  led  to  the  need  for  the  pollinium  to 
fertilise  all  the  ovules  at  once.  Even  the  epiphytic  habit  has  been 
designated  as  causal  here,  but  this  line  clearly  runs  in  the  opposite 
direction,  as  the  habit  is  secondary  and  is  not  bound  to  other 
primitive  features  (e.g.  Apostasia ). 

This  aspect  of  the  pollinium  concerns  primarily  the  pheno¬ 
menon  of  reception  by  the  flower.  The  other  aspect  concerns  the 
reception  by  the  visitor,  that  is,  the  deposition  by  the  flower  of 
the  pollinium  as  a  whole  on  the  insect  visitor. 
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Floral  ecology  considers  both  aspects  of  the  pollinium  and 
views  the  relationship  with  insects  as  the  primary  steering  agent. 
Characterising  the  flower  from  this  angle  we  find  ultimate  precision 
linked  to  reduction,  instead  of  a  reliance  on  an  accidental  contact 
of  a  few  pollen  grams  brought  by  an  unspecialised  visitor  to  the 
stigma.  Anther  and  stigma  form  one  centralised  unit,  depositing 
and  receiving  one  compound  pollen-mass  from  one  stamen,  mostly 
during  a  single  visit  of  one  specific  pollinator  with  the  right 
instincts  and  dimensions.  The  pollen  has,  moreover,  been  removed 
from  the  food-sphere  of  the  visitor,  making  it  difficult  for  it  to  live 
exclusively  on  orchids.  Autogamy  is  usually  impossible  and  often 
results  in  toxic  reactions  in  the  flower. 

Avoidance  of  chaotic  hybridisation  and  the  maintenance  of 
the  individualism  of  the  species  is  due  almost  entirely  to  pollinator 
specificity,  the  more  so  as  the  genetic  barriers  to  hybridisation 
with  other  species  are  weak  here.  The  strangest  artificial  hybrids 
are  possible. 

In  non-orclnd  flowers  the  endosperm  often  forms  a  late  barrier 
to  the  formation  of  hybrid  embryos.  This,  too,  is  absent  in 
orchids. 

Pollinator  specificity,  often  spoken  of  as  monophily,  thus 
seems  the  key  to  the  speciation  and  rich  variability  of  orchids.  In 
no  other  family  can  the  floral  diversity  be  interpreted  with  such 
certainty  on  a  basis  of  floral  ecology. 

Some  botanists  have  considered  the  reduction  in  stamens,  and 
in  insect  visitors  as  signs  of  a  general  sterilisation  which  is  result¬ 
ing  in  the  near  extinction  of  the  family.  Indeed,  this  specialisa¬ 
tion,  often  resulting  in  irregular  and  rare  fruiting,  forms  a 
dangerous  path  to  survival,  intimately  bound  to  a  certain  biotic 
environment ;  nevertheless,  the  abundance  of  orchids  clearly  shows 
the  success  and  the  plasticity  of  this  long-term  strategy. 

Geneticists  and  physiologists  might  also  consider  a  third 
phyletic  line  as  highly  significant:  small  seeds,  no  endosperm, 
and  therefore  no  genetic  barriers  resulting  from  embryo  / 
endosperm  incompatibility.  The  integration  of  the  flower  as  a 
precise  instrument  is  partly  structural,  by  the  formation  of  the 
column  and  the  labellum  in  juxtaposition,  guiding  visitors  and 
prescribing  their  dimensions.  There  is  also  a  chemical  refinement, 
not  only  in  the  infinite  variety  of  odours,  but  also  in  the  internal 
chemical  co-ordination.  The  column  reacts  on  substances  in  the 
pollinia  and,  after  fertilisation  and  removal  of  pollinia,  itself 
produces  substances  which  lead  to  rapid  floral  changes.  Dodson 
proved  by  gas  chromatographic  methods  that  changing  influences 
of  this  sort  can  alter  odour-production  within  a  few  minutes. 

It  seems  promising  to  investigate  the  effect  of  different  visitors 
within  the  family,  especially  since  many  data  have  been  published 
since  Darwin’s  book  (1862)  and  Knuth-Loew’s  old  compilation 
(1898-1905). 
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Wasps 

The  zygomorphous  “gullet-flower”  is  certainly  a  product  of 
evolutionary  steering  by  Hymenoptera.  But  which  ones? 

I  first  take  Listera,  which  has  been  better  studied  than 
Cephalanthera  and  Apostasia.  This  possesses  small  greenish 
flowers  and  open  nectar  in  a  groove,  accessible  to  simple  mouth- 
parts. 

The  main  pollinators  are  simple,  parasitic  Hymenoptera 
(Ichneumonidae).  These  are  not  real  flower  insects  since  they  take 
only  some  superficial  nectar  for  their  own  energy-needs  and  require 
no  protein.  In  the  tropics  they  frequent  open  extra-floral 
nectaries  on  leaves.  In  this  connection,  it  is  curious  that  orchids 
gave  up  the  centralised  septal  nectaries  of  their  liliiflorous 
ancestors,  a  trend  which  is  continued  in  Scitamineae.  If  they 
produce  any  nectar  at  all,  it  is  on  the  tepals  (a  feature  also  seen 
in  part  of  the  Liliaceae). 

Stinging  wasps  are  in  other  respects  fitted  as  visitors  to,  and  as 
evolutionary  initiators  of  precision  flowers  as  they  possess  instincts 
for  choosing  a  fixed  position  and  have  strong  tendencies  to 
specificity  according  to  the  odour  of  their  prey. 

Godfery,  especially,  has  shown  that  some  primitive  tribes  of 
orchids  are  linked  with  wasps  of  various  kinds.  Of  course, 
reversion  cannot  be  excluded,  but  this  seems  improbable  in  some 
of  the  European  orchids  such  as  Coeloglossum,  Herminium  and 
Cephalanthera,  the  latter  being  also  morphologically  very 
primitive.  The  bonds  of  some  species  of  Epxpactis  with  Vespidae 
are  well  known. 

In  many  primitive  orchid  tribes,  lower  wasps  and  solitary  bees 
alternate  as  visitors  in  related  species.  These  solitary  bees  are  now 
the  normal  pollinators  of  orchids  and  have  guided  their  further 
specialisation.  I  shall  not  discuss  all  the  temperate  climate 
examples  but  only  some  very  specialised  groups,  mostly  tropical. 

Sexual  deceit 

The  rather  primitive  Ophrys  has  been  known  since  1916  as  an 
instance  of  pseudocopulation  by  wasps,  mainly  in  fact  by  digger 
wasps  and  lower  bees  such  as  Eucera  and  Andrena.  The  imitation 
of  a  female  wasp  is  visually  obvious  to  man,  but  the  main  attrac¬ 
tion  to  the  insect  is  the  female-like  odour.  The  pseudo-nectaries, 
so  often  indicated  by  self-styled  anti-teleologists  as  signs  of 
inexpediency  in  nature,  are  the  pseudo-eyes.  Kullenberg  (1961) 
analysed  the  zoological  and  chemical  sides  of  the  question  in  a 
fine  book. 

The  narrow  thread  to  survival  reposes  on  the  circumstance  that 
these  male  bees  and  wasps  emerge  some  time  before  the  females. 
Dodson  found  the  same  in  some  deceived  male  Euglossids.  This 
syndrome  of  flower-adaptation  has  been  considered  as  a  late, 
ultimate  refinement,  as  an  indivisible  complex  with  a  plan  behind 
it,  created  as  a  whole,  “dropped  from  the  sky”.  Kullenberg  also 
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found  mutants  where  one  of  the  secondary  stimulants  of  the  com¬ 
plex  had  disappeared.  They  were  visited,  even  though  less  often, 
as  long  as  the  odour  remained.  When  a  gradual  breakdown  is 
possible  a  gradual  build-up  is,  therefore,  also  acceptable. 

We  can  postulate  that  sexual  deceit  is  not  in  principle  late  and 
incidental,  but  rather  basic  in  the  family,  though  we  already  found 
nectar  besides  odour  in  simple  forms.  Even  in  the  first  beetle- 
flowers  the  relation  often  rests  on  deceit,  the  “cashing-in5'  on  some 
instinct,  only  sometimes  followed  by  some  recompense.  My  lecture 
at  the  Montreal  Botanical  Congress  stressing  this  point  led  me  to 
make  contact  with  Dr.  C.  H.  Dodson  (now  in  Miami)  who  had 
made  observations  that  were  not  understandable  on  the  classical 
nectar-bee  basis.  We  then  wrote  a  book  together  on  orchid 
pollination,  which  is  to  appear  soon,  and  from  which  the  work 
reported  below  is  taken. 

What  is  the  reason  for  the  more-or-iess  basic  position  of  deceit 
in  a  family  where  attraction  by  pollen  had  already  been  ruled  out? 
It  is  evidently  just  a  chemical  probing  of  the  biotic  environment 
as  can  be  seen  in  the  ancient  beetle  flowers.  We  shall  meet  deceit 
by  a  food  or  substrate  odour  in  thousands  of  fly-pollinated 
species.  Including  these,  we  estimate  the  number  of  nectarless 
orchid  species  at  about  8,000.  Deceit  of  males  by  an  odour  which 
does  not  lead  to  copulation  is,  as  with  real  pseudo-copulation, 
found  in  .different  taxonomic  groups,  advanced  as  well  as 
primitive. 

Another  instance  is  Cryptostylis,  high  in  the  Neottioideae.  In 
Australia  some  species  are  pollinated  by  inchneumon-wasps 
( Lissopimpla )  as  described  in  many  papers  by  Miss  Coleman.  The 
deceit  is  more  complete  than  in  Ophrys,  as  ejaculation  is  effected 
and  the  flowers  are  preferred  to  females. 

Pseudocopulation  has  extended  to  other  groups  of  insects  in 
addition  to  wasps  and  bees.  The  next  case  is  Trichoceros  anten- 
nifera  from  the  Oncidiinae,  which  lives  terrestrially  in  the  Andes. 
The  flower  is  fly-like  with  two  extensions  of  the  lip  in  the  form  of 
wings,  and  a  shining,  white  stigma.  Some  species  of  Tachinid  flies 
were  found  in  their  neighbourhood  feeding  on  other  flowers. 
Female  flies  of  this  group,  when  ready  for  copulation,  open  and 
close  their  shining  genital  orifice.  Misled  males  land  for  only  a 
moment  on  the  flower,  but  this  is  successful  in  effecting  trans¬ 
ference  of  pollen.  Telipogon  species  are  less  fly-like,  but 
Stellilabium  species  are  more  so. 

Smith  reported  in  1963  on  the  pollination  of  Trigonidium 
obtusum  from  the  Maxillariinae  (to  which  also  the  Stanhopeinae 
are  related).  This  was  effected  by  male  bees  of  the  genus  Trigona, 
a  social  bee,  though  a  primitive  one.  The  imitative  part  of  the 
large  flowers  is  only  the  glandular  tip  of  the  petals.  The  related 
genera,  Mormolyce  and  Cyrtidium ,  are  much  more  insect-like,  but 
now  with  the  whole  lip  involved. 

Certain  species  of  Diuris  and  Caladenia  in  Australia  seem  to  be 
related  in  behaviour,  but  many  may  also  be  transitions  to  a  special 
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category  of  deceit  we  call  “pseudo-prey”,  appropriate  to  parasitic 
wasps.  Scoliid  wasps  make  stinging  movements  into  an  msect- 
like  part  of  the  labellum,  as  described  incompletely  for  Calochilus 
campestris  in  Australia  (Fordham). 

Dodson  found  a  third  category  of  deceit,  which  we  called 
“pseudo-agression”.  This  was  in  Ecuador  in  the  genus  Oncidium, 
so  well  known  for  its  likeness  to  insects  and  its  mobile,  dancing 
flower-sprays.  O.  planilabre,  O.  hyphaematicum  (and  probably 
also  O.  stipitatum  from  Panama)  seem  to  act  on  the  senses  of  the 
male  bees  of  the  genus  Centris,  a  solitary  bee,  as  though  they  were 
another  insect,  though  only  when  moving  in  the  wTind.  The  male 
guards  its  territory,  constantly  attacking  any  other  insect.  Moving 
flowers  were  also  attacked  by  a  fierce  stroke,  resulting  in  pollina¬ 
tion.  No  other  agent  was  found. 

Euglossini 

In  tropical  America  Dodson  paid  special  attention  to  the  role 
of  this  isolated  group  of  Apinae,  which  in  old  botanical  publica¬ 
tions  has  been  incorrectly  placed  with  Bombus  and  Xylocopa,  as 
mere  bumblebees  or  “Hummeln”.  These  are  not  really  social,  but 
just  gregarious.  The  group  evolved  as  specialised  flower  visitors 
with  long  tongues  on  pre-orchid  flowers  or  on  less  differentiated 
flowers  in  general ;  afterwards  it  directed  the  local  development  of 
orchids  into  a  high  degree  of  pluriformity.  We  saw  that  an 
exclusive  diet  of  orchid  nectar  (without  protein  food)  is  usually 
impossible.  It  is  somewhat  too  anthropomorphic  to  say  that 
therefore  the  flowers  had  to  adopt  other  methods,  though  the 
joint  action  of  mutation  and  natural  selection  has,  indeed,  pro¬ 
duced  this  effect. 

There  is  a  group  of  mutually  unrelated  orchids  which  follows 
the  classical  scheme  of  offering  food  both  to  male  and  female 
Euglossids.  We  are  inclined  to  consider  this  group  as  basic.  In¬ 
stances  are:  some  Sobralia,  Aspasia,  and  Maxillaria  spp.,  and 
also  Cattleya  spp.,  where  the  bees  are,  however,  often  trapped 
and  killed  in  cultivated  hybrids.  The  balance  between  size, 
stickiness  of  stigma  and  odour  is  there  obviously  disturbed,  a 
point  important  for  later,  theoretical  considerations  on  hybridisa¬ 
tion.  In  some  species,  for  instance  Maxillaria  sanderiana,  the  lip 
is  covered  with  a  powder  of  loose  cells.  Dodson  was  able  to 
observe  for  the  first  time  that  this  imitation  pollen  is  actually 
collected. 

In  a  more  specialised,  heterogeneous  ecological  group  there  is 
no  food  at  all,  and  only  the  long-living,  nomadic  male  bees  are 
attracted.  The  flowers  secrete  here  a  peculiar  aromatic  odour, 
which  intoxicates  the  males.  It  is  mostly  produced  in  special 
callus  cells  full  of  metabolic  substances  formerly  considered  as 
food.  There  is,  obviously,  some  relation  to  the  sexual  life  of 
the  insects,  but  it  seems  preposterous  to  see  this  odour  as  part 
of  a  pseudo-copulation  syndrome.  The  idea  of  Vogel,  that  dark 
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apertures  in  the  lips  fit  into  this  syndrome,  simulating  the  openings 
of  cells  with  emerging  females  to  be  fertilised,  seems  incorrect. 

In  the  first  place  this  group  contains  some  scattered,  un-related 
genera  as  Pescatoria,  Cyrtopodium,  Ly caste  and  Trichopilia. 

Two  entire  subtribes  are  specialised  in  this  direction,  viz.  the 
Catasetinae  and  the  Stanhopeinae.  Some  fundamental  but  partly 
erroneous  data  on  these  were  published  by  Criiger  in  1865  and 
added  to  in  later  impressions  of  Darwin’s  orchid  book.  Later, 
Porsch  observed  the  nervous,  special  conduct  of  male  bees  on 
Catasetum,  but  he  still  adhered  more  or  less  to  the  view  of  food- 
calluses.  These  are,  however,  not  gnawed  but  just  scratched  for 
the  odorous  substance,  which  oozes  out  on  the  surface.  This 
substance  seems  not  to  be  developed  here  de  novo,  but  is  already 
present  in  the  odour  of  traditional  orchids  with  nectar,  such  as 
Sobralia,  which  are  sometimes  also  scratched  by  Euglossids.  Dar¬ 
win  already  noted  that  a  British  bumblebee  was  intoxicated  by  a 
substance  from  Sobralia  macrantlna  in  a  hothouse. 

In  Catasetum  the  simplest  species  are  still  bisexual.  In  the 
advanced  species  the  “female”  flowers  are  very  similar  in  different 
species.  Their  function  (reception  of  pollen)  obviously  proceeds 
similarly,  though  the  odours  are  specific.  The  deposition  of  pollen 
by  actively  “throwing”  male  flowers  obviously  proceeds  more 
specifically  after  the  special  “antennae”  have  been  touched, 
depositing  at  specific  places  on  the  visitor. 

In  male  flowers  the  callus  is  not  covered.  The  male  bees  are 
seen  scratching  it  with  their  front  feet.  Their  tarsi  contain 
chemoreceptors,  absent  in  female  bees  and  thus  linked  with  sex. 
The  bees  are  irresistibly  attracted,  losing  all  awareness  of  what  is 
happening  to  them  and  being  forced  to  behave  “as  prescribed”. 
In  female  flowers  the  labellum  is  non-resupinate  and  the  callus 
hidden  inside. 

The  related  genus  Cycnoches  has  a  comparable  system.  The 
difference  in  “sexes”  is  pronounced  in  another  way.  The  male 
column  is  more  slender,  and  non-drugged  bees  would  avoid  it. 
The  female  flower  is  often  twenty  times  as  heavy  as  the  male  one, 
e.g.,  in  C.  egertonianum.  The  distance  between  lip  and  pollinium 
to  be  touched  when  swinging  loose  from  the  callus  after  intoxica¬ 
tion  seems  too  great  for  the  specific  bee.  A  hinge  in  the  basal  part 
of  the  lip  helps  out  by  lowering  the  visitor. 

It  is  curious  that  dicliny  in  both  genera  results,  as  elsewhere, 
in  a  preponderance  in  the  number  of  male  flowers.  The  ratio 
(often  25  to  1)  is  maintained  physiologically,  as  Dodson  demon¬ 
strated.  Only  optimal  conditions  produce  females. 

I  shall  pass  over  Mormodes  in  this  concise  review  and  proceed 
to  the  Stanhopeinae.  This  group  has  a  parallel  callus,  producing 
an  overwhelming  scent,  probably  as  part  of  a  common  heritage. 
The  separation  of  sexual  functions  is,  however,  in  time  rather  than 
in  space  (dichogamy).  The  protandry  (expressed  in  the  long- 
lasting  closing  of  the  stigma)  explains  the  negative  results  obtained 
by  Darwin  when  inserting  pollinia. 
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The  drugged  male  bees  are  here  guided  by  a  slide  through  a 
chute-tunnel,  at  least  in  the  advanced  species  with  downward 
turned  flowers.  The  bees  enter  from  the  side  at  the  base  of  the 
lip  where  the  callus  is  situated  and  slide  down  between  guiding 
projections.  At  the  end  they  pick  up  and  deposit  pollima. 
Dodson  and  others  determined  the  separate  Eulaema,  Euglossa 
and  Euplusia  species  that  corresponded  to  each  Stanhopea  species 
by  odour  preferences  and  dimensions. 

Dodson  coined  the  term  “leap-frog  speciation”  for  a  large  group 
of  sympatric  microspecies,  vegetatively  the  same,  adapted  to  two 
different  genera  of  bees  ( Eulaema  and  Euglossa).  Adaptation  to 
one  Eulaema  was  followed  by  a  switch  to  a  Euglossa  and  so  on. 

In  this  and  comparable  genera  (such  as  Gongora)  the  colours 
and  spots  are  extremely  variable  within  a  species.  Compared  to 
the  odours  they  seem  to  have  no  selective  significance. 

I  shall  not  mention  Gongora  and  shall  discuss  only  Coryanthes 
speciosa,  famed  as  the  most  grotesque  of  orchids.  Criiger’s 
original  data  were  revised  by  Allen  (1951).  The  apical  part  of  the 
lip  is  transformed  into  a  bucket  with  a  spout.  Two  tap-like  organs 
of  the  column  drip  water  into  it  and  fill  it  with  water  (not  nectar). 
Small  Euglossids  are  attracted  by  the  odour  from  the  hypoehile, 
often  queueing  at  the  rim.  They  are  either  pushed  into  the 
bucket  or  knocked  into  it  by  the  drops  and  must  leave  by  way 
of  the  spout  at  the  apex  of  the  tunnel,  touching  the  column  tip. 
Other  species,  such  as  C.  woljii  and  C.  macrantha,  behave  similarly. 
Coryanthes  pollinia  have  been  found  on  larger  Euplusias  in  Brazil. 
The  flower  dimensions  also  are  barriers  to  hybridisation.  C. 
macrantha  and  C.  speciosa  can  therefore  exist  sympatrically  in 
Trinidad. 

One  might  remark  that  the  dicliny  and  protandry  and  also 
the  passing  of  a  long  period  before  the  pollinia  are  ready  for 
deposition  mean  a  curious  deviation  from  the  one-visit  method. 
Indeed!  But  it  is  a  necessary  way  out  of  a  by-path  which  may 
become  a  dangerous  dead-end.  Where  the  attraction  is  too 
intense,  bees  will  immediately  try  to  re-enter  and  cross  pollination 
will  not  take  place. 

Xylocopini 

In  Asia  and  Africa,  and  to  a  lesser  degree  in  America, 
Xylocopas  (carpenter  bees)  play  a  role,  though  their  influence  on 
orchids  is  limited.  I  studied  (1954)  this  flower  class  in  Java  and 
found  as  characteristics,  amongst  others,  tough  tissues  and  special 
protection  against  the  rough  visitors  who  tend  to  rob  the  flowers 
by  splitting  them.  One  of  these  protections  is  an  ant-guard  at 
the  base,  attracted  by  extra-floral  nectaries  (not  those  on  bracts). 

Many  Vanda  species  fit  in  here,  also  Cymhidium,  Arundina, 
P  ha  jus  and  Bromheadia  species.  The  sturdy  Cymhidium,  so  often 
cultivated,  offers  a  clear  instance. 

Dodson  found  Xylocopa  species  as  co-pollinators  or  exclusive 
pollinators  in  some  South  American  orchids,  viz.  Oncidium, 
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Sobralia,  Barkeria  and  Bletia  species;  also  in  Encyclia  ( Epiden - 
drum)  crassilabia  (note  the  name!).  An  escape  into  dicliny  was 
unnecessary  here,  as  Xylocopa  has  a  mechanism  to  prevent  the 
insects  re-entering  just- visited  flowers. 

Social  bees 

Many  advanced  dicotyledonous  families,  such  as  Papilionaceae, 
Labiatae,  Bignoniaceae,  etc.,  have  followed  the  development  of 
social  bees  and  have  come  to  rely  on  them  to  a  large  degree.  Why 
the  orchids  could  scarcely  follow  suit  becomes  clear  when  we 
demonstrate  in  a  comparative  scheme  (see  Table  4)  how  revolu¬ 
tionary  is  this  quaternary  change.  This  is,  of  course,  somewhat 
simplified  and  “black-and-white”,  neglecting  transitional  forms. 
It  may  be  useful  for  botanists  from  temperate  regions  who  tend  to 
apply  findings  on  Apis  to  all  bees. 


Table  4 

Comparison  of  the  biology  of  solitary  and  social  bees 


Solitary  bees 

Social  bees 

Oiigotropic:  instinctive  bond  with 
one  or  a  few  related  flowers. 

No  innate  bond :  temporary 
constancy. 

Relation  unchangeable,  rarely 
adapted  to  mass-flowering. 

Relation  changed  at  end  of  mass¬ 
flowering. 

Odour  reaction  innate. 

Odour  of  flower  is  a  neutral  signal, 
only  important  after  association. 

Short  life-period  during  anthesis 
of  an  oligophilous  flower. 

Colony-life  spread  over  one  year. 

Sexual  individuals. 

Asexual  collectivist,  steered 
socially. 

Note. — The  right-hand  column  stands  in  contrast  to  what  we  have  just 
been  discussing  in  relation  to  orchids,  explaining  the  non-evolution 
of  bonds  in  social  bees. 


There  are  some  data  on  European  and  N.  American  orchids 
suggesting  a  switch  to  Bornbus  and  Apis.  Pollinia  of  Orchis  and 
Epipactis  species  have  been  encountered  on  Apis,  though  an 
entomologist  who  was  a  specialist  on  Bombus  failed  to  find  them 
there  over  a  long  period  of  years.  The  pollinia  may  even  be  felt 
by  the  bees  to  be  a  nuisance! 

Some  Spirant hes,  Epipogium  and  Orchis  species  are  considered 
as  Bombus- pollinated.  The  data  should  be  verified.  Actual  study 
in  the  field  reveals  that  Bombus  avoids  Orchis  species  when  these 
are  growing  amongst  other  flowers,  that  Bombus  is  only  deceived 
by  them  in  the  first  days  of  existence  of  the  insect  and  the  flower, 
and  that  the  spurs  are  empty  and  also  do  not  offer  a  juicy  lining 
to  be  pierced.  The  allegedly  positive  older  data  appear  after 
scrutiny  to  relate  often  to  a  first  favourable  day  early  in  the 
season. 

The  marsh  orchids  ( Orchis  or  Dactylorchis)  in  a  region 
dominated  by  Apis  and  Bombus  are  in  an  unbalanced  position. 
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Sometimes  flies  such  as  Empis  or  syrphids  (Eristalis  in  the  Faroes) 
or  butterflies  help  out,  together  with  primitive,  solitary  bees. 
Often,  however,  autophily  is  followed  by  autogamy,  the  con¬ 
sequences  of  which  we  shall  not  study  here. 

Some  splitting-off  from  Orchis,  viz.  of  the  genus  Dactylorchis, 
was  deemed  necessary  because  of  cytological  and  morphological 
differences  in  vegetative  parts.  The  earlier  separation  of  Traun- 
steinera,  Anacamptis,  Leucorchis,  etc.,  reflects  reproductive 
escapes  from  bee-pollination,  but  the  ecological  escape  of  Orchis 
ustulata  (see  p.  71)  has  not  led  to  taxonomic  separation.  Here 
is  a  rich  field  for  biosystematic  research. 

In  the  tropics  social  Melipona  and  Trigona  species  are  some¬ 
times  effective  on  orchids,  also  on  some  Maxillaria  species  with 
imitation  pollen.  The  giant  Apis  dorsata  pollinates  some 
Dendrobium  species  in  South  Asia  and  also  the  many  flowered  and 
mass-flowering  giant  orchid,  Grammatophyllum  speciosum. 
Bombus  species  in  the  montane  regions  of  South  America  are 
exclusive  pollinators  of  Odontoglossum  kegeljani. 

The  cases  of  some  species  of  Dendrobium,  Thrixspermum, 
Bromheadia  (in  South  Asia)  and  Sobralia  (in  South  America)  are 
interesting,  since  their  gregarious  flowering  (which  until  now  has 
been  ecologically  inexplicable)  fulfils  one  requirement  of  social 
bees.  In  the  famous  Dendrobium  crumenatum  sudden  mass  visits 
by  Apis  indica  have  indeed  been  observed.  The  difference  in 
periodicity  of  sympatric  species  promotes  speciation. 

Moths 

Orchids  have  also  changed  to  insects  other  than  the  Hymenop- 
tera.  We  shall  first  consider  nocturnal  moth-flowers,  so  common 
in  the  genera  Epidendrum,  Platanthera,  Habenaria  and  in 
separate  cases  in  other  genera  such  as  Angraecum  and  Brassavola, 
probably  in  Spirant hes  aestivalis  and  also  in  Orchis  ( Leucorchis ) 
albida.  The  latter  seems  to  show  a  recent  and  peripheral  re¬ 
orientation. 

I  may  assume  that  the  syndrome  of  moth-flower  characteristics 
is  widely  known,  so  that  some  general  remarks  on  its  realisation 
in  orchids  are  sufficient.  For  Lepidoptera  the  absence  of  edible 
pollen  is  no  disadvantage. 

In  Platanthera  we  see  a  long  spur ;  in  Epidendrum  difforme  a 
fusion  of  column  and  lip  provides  a  reservoir  accessible  to  a  long 
tongue  only.  Reorganised  tubular  flowers  are  a  consequence  here. 
The  fine  dissection  of  petals  in  this  group  (“spider  orchids”)  can 
serve  to  promote  visibility  of  contours  and  diffusion  of  odour. 
Narrowness  of  the  lip  lessens  the  possibility  of  an  insect  alighting 
on  it,  thus  favouring  hovering  visitors.  So  does  non-resupination 
of  the  lip,  at  least  in  this  class,  where  it  often  also  promotes 
showiness  ( Angraecum  spp.). 

The  transition  from  pollination  by  solitary  bees  seems  easy,  as 
moths  also  appear  to  rely  largely  on  fixed  innate  reactions  to 
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special  odours.  In  this  case,  we  define  the  odours  as  “heavy- 
sweet”,  in  the  absence  of  a  chemical  definition.  In  another  sense, 
the  transition  to  moth  pollination  can  be  readily  understood,  since 
adaptations  for  nocturnal  bees  are  already  known  in  Ly  caste  and 
Miltonia  species. 

Butterflies  (psychophily) 

The  difference  from  the  foregoing  class  lies  partly  in  (a)  diurnal 
and  fresher  scent,  (b)  presence  of  a  place  for  alighting,  (c)  presence 
of  colours.  The  relation  to  the  different  physiology  of  the  visitors 
is  clear. 

Some  Epidendrum  species  show  this  by  an  erect  position  of  the 
trumpet-flowers,  which  are  here  inverted.  In  Europe,  Anacamptis, 
Orchis  ustulata,  Orchis  ( Traunsteinera )  globosa  and  Nigritella 
have  escaped  from  bee-pollination  (which  is  obviously  insuf¬ 
ficiently  effective  under  existing  conditions),  to  psychophily  or 
butterfly  pollination.  The  aggregation  into  dense  inflorescences 
of  the  brush-flower  type  is  useful  and  the  position  and  shape  of  the 
lip  becomes  immaterial,  as  we  see  in  the  genus  Nigritella. 

In  the  pollination  of  the  South  African  Ophrydean  genus  Disa, 
e.g.  D.  uniflora,  butterflies  and  other  long-tongued  insects  play  an 
important  role.  The  ensuing  state,  which  was  originally  peri¬ 
pheral,  has  been  fixed  in  the  genus  and  has  led  to  red  colours 
(absent  in  flowers  for  red-blind  bees),  reduced,  often  inverted  lip 
and  reorganised  flowers,  as  I  shall  show  further  on.  Some  reddish 
Laelia  species  may  also  belong  here. 

Connections  with  intermediate  Lepidoptera,  such  as  day- 
sphingids  and  skippers  (Hesperiidae)  may  lead  to  intermediate 
forms.  Gymnadenia  conopsea  is  intermediate  for  some  reason. 

Ornithophily 

The  influence  of  the  visual  senses  of  birds  explains  much  of 
the  gaudiness  of  tropical  flowers.  The  general  characteristics  of 
bird-pollinated  flowers  are  again  assumed  as  basic  knowledge. 
Old  data  on  bird-pollination  in  orchids  are  unreliable,  referring 
to  incidental  visits  or  to  experiments  with  captive  birds,  which 
had  not  only  been  conditioned  but  also  tend  to  investigate  every¬ 
thing,  even  the  pure  water  of  Coryanthes.  Nectar- drinking  birds 
are  late-comers,  so  that  their  floral  partners  in  orchids  are  not 
basic  or  primitive. 

Results  were  to  be  expected  (as  has  happened  in  Cactaceae  for 
example),  in  mountain  regions  where  the  cold-blooded  insects  are 
at  a  disadvantage.  The  brilliantly-coloured  Laelias  of  Brazil  and 
red  Cattleya  aurantiaca  are  possible  cases  in  America,  just  as  some 
Ada  species  and  red  Spiranthes  species  as  an  end-line  in  Neottieae. 
In  Asia  Eria  ignea  and  Cryptochylis  sanguinea  may  be  cited. 

A  development  from  butterfly-flowers  seems  easy,  as  the  vivid 
colours  and  the  abundant  nectar  are  already  present  and  the  spur 
only  has  to  be  broadened.  The  odour  may  disappear  and  the 
walls  must  be  hardened.  The  lip  is  already  degraded. 
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No  wonder  the  genus  Disa  offered  a  possibility  for  bird- 
pollination  which  was  probably  realised  in  the  tubular  D. 
ferruginea. 

We  obtained  information  on  the  actual  visits  of  birds  to  orange 
or  fiery  red  Dendrobium  species  with  almost  tubular  flowers,  from 
the  mountains  of  New  Guinea.  Dodson  and  Frymire  also 
described  cases  in  the  Andes.  Epidendrum  secundum  proved  to 
be  more  ornithophilous  than  psychophilous  and  actually  bird- 
pollinated.  E.  pfavii  and  Comparettia  jalcata  are  purely  ornitho¬ 
philous.  Hummingbird-pollinated  flowers  are  Sobralia  amabilis, 
the  tubular  Maxillaria  species,  Isochilus  carnosijlorus  and  some 
Elleanthus  species.  There  is  even  a  Masdevallia,  a  fly-genus,  which 
gave  rise  to  the  ornithophilous  M.  rosea. 

Perhaps  biosystematic  investigation,  taking  convergent 
ornithophilous  characters  into  consideration,  can  assist  taxono¬ 
mists  in  separating  genera  anew  in  the  difficult  Cochlioda- 
Odontoglossum-Oncidium  complex  and  in  the  Sophronitis-Laelia- 
Cattleya  complex.  The  section  of  Oncidium  containing  O.  papilio 
is  generally  allied  to  Odontoglossum  grande  and  its  relatives,  but 
became  altered  by  deviating  pollinators  so  that  it  is  now  placed 
in  Oncidium.  Many  of  these  genera  are  herbarium-convenience 
groups,  whereas  their  species  seem  more  natural. 

In  some  of  these  genera,  as  also  in  Ada,  sympetaly  accompanies 
and  completes  tube  formation. 

Sapromyophily 

The  general  syndrome  of  flowers  pollinated  by  diptera  that  are 
attracted  to  carrion  is  :  flat  radial  flowers  or  flat  umbels,  sometimes 
lantern-traps  with  side-slits  (working  on  unknown  fly-instincts), 
greenish  or  purple-brown  colours,  transparent  guiding- windows, 
tails  (mostly  glandular  odour-generators),  putrescent  odours, 
which  guarantee  high  specificity,  spots  (working  on  aggregation- 
instincts  of  flies)  and  vibrating  hairs. 

The  question  arises  how  orchids  can  sink  so  low  in  their  endless 
quest  for  biotic  contacts  and  how  flies  without  the  necessary 
instincts  can  rise  to  become  successful  pollinators  in  precision 
flowers. 

The  answer  is  found  in  an  extreme  development  of  guidance  in 
the  flower,  with  trap- devices  and  mobile,  sensitive  guiding 
mechanisms.  Some  thousands  of  orchids  have  found  this  way, 
in  Asia  mainly  in  the  Bulbophyllum  group,  in  America  in  the 
Pleurothallidinae.  Rarely  is  there  a  reward  of  nectar;  mostly  the 
attraction  is  pure  deceit.  Those  botanists  who  believe  in  a  super¬ 
natural  explanation  of  a  common  plan  in  flowers  and  insects  and 
their  common  evolution,  meet  with  difficulties  here.  Just  as  in 
Euglossids  the  flies  are  what  they  have  always  been  and  are  no 
more  than  passive,  deceived  victims. 

The  large  genus  Pterostylis  (the  greenhoods  of  Australia)  shows 
convergence  with  araceous  fly-traps,  though  they  are  here  more 
complicated.  It  has  a  sensitive  lip,  acting  by  throwing  visitors 
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into  prison  at  the  lightest  touch.  The  powderyness  of  the  pollen 
has  been  considered  as  primitive  but  may  also  be  seen  as  appro¬ 
priate  to  very  small  visitors — minute  midges  of  1  mg.  Each 
species  (when  not  autogamous)  seems  to  have  a  more  or  less 
specific  Psychodid. 

The  Bulbophyllum  complex  (1,000  species)  has  a  simple, 
passively  motile  labellum.  Some  species  are  still  orchid-like; 
others  have  lanterns  with  slits  or  inverted  slide-traps.  The  stench 
can  be  abominable.  Cirrhopetalum  has  been  separated  from 
Bulbophyllum  by  some  points  that  are  merely  well-developed 
parts  of  the  fly-syndrome  that  is  also  found  in  the  latter.  The 
retrogression  from  zygomorphy  to  actinomorphy  and  radiality  can 
be  found  both  in  the  flowers  and  in  synchronously-flowering 
umbels  which  act  as  pollination  units. 

Masdevallia  is  a  complete  parallel  in  America.  The  converg¬ 
ence  between  this  and  Bulbophyllum  is  so  strong  that  herbarium- 
taxonomists  without  ecological  background  can  be  led  into  wrong 
suppositions  of  phyletic  reticulate  relationships.  Mostly  the  tepals 
with  spots  and  tails  are  responsible  for  the  visual  attraction.  They 
sometimes  fuse  into  a  pitcher,  like  that  of  Asarum  or  Aristolochia, 
showing  again  that  sympetaly  can  arise  in  different  ways.  In  at 
least  one  species  the  lip  has  become  convergently  motile,  though 
this  time  a  sensitive  guide.  Cryptophoranthus  (window  orchid) 
also  acquired  a  lantern  with  side-slits.  It  seems  unnecessary  to 
separate  it  from  Masdevallia.  It  is  interesting  to  note  that  Darwin 
himself  found  fly-eggs  inside  it. 

Some  anti-Darwinists,  posing  as  anti-teleologists,  have  ridiculed 
an  explanation  based  on  floral  ecology  on  this  point  too.  Even 
recent  authors  considered  themselves  as  very  up-to-date  in  doing 
so.  For  instance,  Goebel  saw  in  this  just  a  utilisation  of  the 
morphological  features,  instead  of  a  directed,  adaptive  develop¬ 
ment.  He  even  compared  Cryptophoranthus  and  Ceropegia , 
saying  that  the  accidental  likeness  was  just  due  to  non-separation 
of  tepal-tips,  defying  ecologists  to  find  a  “purpose”.  The  answer 
is  clear.  In  the  handbook  “The  Orchids”,  by  Withner,  the 
dominance  of  the  physiological  outlook  is  such  that  all  queer  forms 
are  discussed  in  one  incoherent  chapter  as  just  “varieties”.  This 
seems  mere  blindness. 

The  related  Restrepia  shows  a  synsepalum  similar  to  the 
Asiatic  Monomeria  and  some  Bulbophyllum  species.  Stelis  has, 
at  first  sight,  entirely  radial,  flat  flowers. 

Many  members  of  primitive  Cypripedilinae,  at  least  of 
P  aphiopedilum ,  are  myophilous.  Purple-brown  colours,  windows, 
tails  and  foetid  odours  accompany  the  slide-trap.  In  temperate 
Cypripedium  we  find,  however,  trapped  solitary  bees,  more  gaudy 
colours  and  sweet  scents.  Since  this  group  is  considered  as  the 
most  primitive,  we  may  consider  myophily  as  secondary  in  the 
group.  Some  tropical  Phragmopedium  and  Selenipedium  species 
also  catch  bees. 
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Concluding  remarks 

I  shall  first  repeat  the  warnings  to  taxonomists  that  working 
with  loose,  independent  characters  as  with  loose  words  in  a  poem 
is  dangerous.  The  context  and  the  background  must  not  be  over¬ 
looked. 

To  demonstrate  this  I  should  like  to  follow  the  fine  analysis 
given  by  Vogel  ( 1959)  of  South  African  Ophrydeae  which  form  93  % 
of  all  orchids  there  and  have  exploded  into  very  queer  genera. 
The  pluriformity  of  this  young  group  can  be  unravelled  when  all 
the  forms  are  considered,  not  in  terms  of  an  autonomous,  kaleido¬ 
scopic  variation,  but  as  an  ecological  reorganisation  repeated 
several  times  and  at  different  levels.  We  can  start  as  a  basis  from 
the  psychophilous  genus  Disci  with  a  reduced  lip  and  with  the 
median  sepal  taking  over  nectar  secretion  in  a  new  spur.  The 
condition  often  leads  to  sternotribic  pollination  with  entrance 
above  the  column.  Some  zygomorphous  bee-flowers  have  pollen 
deposition  on  the  ventral  side  of  the  visitor  (sternotriby).  Many 
higher  forms,  also  orchids,  changed  to  nototriby  (on  the  back), 
obviously  favoured.  Resupination  was  in  orchids  a  means  to 
obtain  this.  There  is  diversification  with  regard  to  pollinators, 
often  moths,  butterflies  and  flies.  A  spur  on  each  side  of  the 
column  developed.  To  obtain  nototriby  for  bee-like  visitors  the 
column  had  to  bend  its  tip  for  210°  towards  the  new  lower  lip. 
In  Disperis,  Ceratandra  and  Corycium  new  reorganisation  and 
change  of  functions  gave  rise  to  forms  so  strange  and  un-orchid 
like  that  discussing  them  would  require  too  much  space  and  too 
many  figures. 

This  is  not  the  occasion  to  discuss  hybridisation  per  se,  but 
it  will  be  of  interest  to  show  a  scheme  of  regular  hybrids  between 
some  European  orchids.  It  illustrates  how  ecological  classes,  more 
than  current  taxonomic  ones,  determine  the  likelihood  of 
hybridisation.  It  has  been  stated  already  that  interspecific  and 
even  intergeneric  incompatibility  is  weak,  so  that  I  have  doubts 
about  the  accepted  barrier  between  Orchis  and  Dactylorchis.  Of 
course,  such  barriers  do  occur  as  is  well  known  from  Oncidium, 
where  they  are  bound  to  clearly  different  genome  levels. 

The  epiphytic  habit  in  the  tropics  has  some  connection  with 
hybridisation  by  providing  (more  than  terrestrial  conditions) 
microclimatic  niches  for  hybrids  that  would  not  fit  into  those  of 
either  of  the  parents.  This  may  help  in  new  speciation,  together 
with  disturbance  of  habitat  and  disappearance  of  pollination 
barriers.  Dodson  described  such  processes  from  a  region  in 
Ecuador  where  a  hybrid  swarm  between  two  Oncidium  species 
once  appeared.  The  one  parent  lived  in  the  treetops  and  the 
other  in  the  shade.  The  lower  parts  of  wild  guava  trees  appeared 
after  pruning  and  cultivation,  to  be  immediately  suitable  habitats 
for  the  hybrids.  He  also  found  a  case  where  a  special  circumstance 
brought  in  a  third  pollinator,  thus  enabling  local  hybrid  swarms  to 
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be  formed  between  two  forms  which  were  kept  separate  elsewhere 
by  the  specific  preferences  of  two  different  humming-birds. 

There  is  no  time  to  elaborate  the  shape  and  movements  of 
pollinia,  convergence  in  rostella,  the  causes  of  convergent  non- 
resupination,  the  numerical  statistics  of  ecological  classes,  the 
graphic  representation  of  their  distribution  in  the  taxonomic 
systems  of  orchids,  nor  for  a  system  of  flower  shapes,  or  for 
discussion  of  Apostasia  (where  we  find  labellum,  column,  retarda¬ 
tion  of  ovules,  resupination,  etc.,  all  in  their  initial  stages). 
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THE  FORAGING  BEHAVIOUR  OF  BEES  AND  ITS  EFFECT  ON  THE 
ISOLATION  AND  SPECIATION  OF  PLANTS 

J.  B.  Free, 

(Rothamsted  Experimental  Station,  Harpenden,  Herts.) 


Introduction 

Insect-pollinated  species  growing  in  the  same  area  usually 
fail  to  cross-breed  for  one  of  the  following  reasons:  they  are 
incompatible;  their  flowering  times  do  not  overlap;  their  floral 
mechanisms  differ  so  much  that  an  insect  visiting  one  species 
receives  pollen  on  a  part  of  its  body  that  does  not  touch  the 
stigmas  of  the  other  species;  insects  visit  only  one  species  at  a 
time.  For  the  last  mechanism,  called  “ethological  isolation”  bv 
Grant  (1949),  to  be  effective  the  flower  must  have  evolved  so  that 
it  is  visited  by  specialised  pollinators  that  are  generally  constant 
to  it  during  a  single  foraging  trip.  Most  flower-visiting  bees  and 
some  Diptera,  Lepidoptera  and  humming  birds  (see  Grant,  1949: 
Baker,  1961  and  1963)  show  such  constancy. 

Preferences  for  Different  Flower  Species 

Females  of  some  species  of  bee  restrict  their  visits  to  one  plant 
species ;  others  work  a  few  closely  related  species  and  others  visit 
several  species:  Loew  (1884)  named  them  monotropic,  oligotropic 
and  polytropic.  Michener  (1959)  pointed  out  that  solitary  bees 
show  an  evolutionary  trend  towards  increased  plant  specificity, 
which  probably  decreases  competition  between  bee  species. 

However,  many  individual  bees  of  polytropic  species  may 
restrict  their  visits  to  one  plant  species  for  as  long  as  it  flowers 
or  for  the  duration  of  their  lives,  and  most  keep  to  one  species 
during  a  single  foraging  trip.  The  social  bees,  including  bumble¬ 
bees  and  honeybees  are  necessarily  polvtropic  because  they  forage 
throughout  the  flowering  season  and,  unlike  many  solitary  bees, 
are  not  limited  to  one  generation  and  a  brief  foraging  period. 
The  members  of  a  honeybee  colony  usually  visit  many  species 
at  any  one  time  and  very  many  throughout  the  season  (Percival. 
1947:  Svnee.  1947),  but  colonies  in  the  same  place  may  differ 
greatly  in  the  number  of  flower  species  they  visit  and  some  mav 
visit  twice  as  many  as  others.  The  differences  show  mostly  with 
species  that  provide  a  small  part  only  of  the  total  forage,  for  the 
most  abundant  species  are  visited  by  all  colonies,  although  to 
different  extents  (Synge,  1947:  Louveau,  1954:  Free,  1959). 

A  species  may  be  polytropic  but  prefer  some  flower  species  to 
others.  Thus  Chambers  (1946)  found  that  a  solitary  bee 
(Andrena  varians )  visited  fruit  trees  much  more  than  did  three 
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other  species  of  Andrena  that  foraged  at  the  same  time  and  in  the 
same  area,  and  Linsley  and  McSwain  (1942)  found  that  Antlio- 
phora  linsleyi  collected  pollen  mostly  from  Salvia  carduacea  and 
exclusively  from  it  in  2  of  the  3  locations  studied.  Bennett  (1883) 
suggested  that  butterflies  prefer  some  colours  to  others  and 
Dronamraju  and  Spurway  (1960)  found  that  different  species  of 
butterflies  even  have  distinct  innate  preferences  for  different 
colour  varieties  of  Lantana  camara.  Leppik  (1953)  recorded  the 
insect  visitors  to  about  500  species  and  varieties  of  wild  and 
garden  flowers,  and  found  that  zygomorpliic,  protected,  radiate 
and  simple  types  of  flowers  were  visited  mostly  by  bumblebees, 
butterflies  and  moths,  solitary  bees  and  honeybees,  and  butter¬ 
flies  respectively.  However,  this  is  not  always  so ;  thus  Pittioni 
(1942)  and  Kugler  (1943)  concluded  that  bumblebees  visit  flowers 
of  very  diverse  shapes  and  that  a  “bumblebee”  flower  cannot 
be  defined.  Brian  (1954,  1957)  found  that  of  the  bumblebees, 
Bombus  hortorum  visited  only  flowers  with  long  corolla  tubes, 
B.  lucorum  visited  open  flowers  in  exposed  places,  B.  pratorum 
mostly  visited  open  flowers  in  sheltered  habitats  and  B.  agrorum 
visited  flowers  with  corolla  tubes  of  intermediate  length  in 
sheltered  habitats. 

When  insects  and  flowers  are  not  well  adapted  to  each  other 
the  flowers  may  be  visited  but  not  pollinated.  Thus  bumblebees 
of  short-tongued  species  often  bite  holes  in  the  bases  of  flowers 
with  long  corolla  tubes  and  obtain  nectar  without  entering  the 
flowers  and  touching  the  sexual  parts  (see  Free  &  Butler,  1959). 
Nectar-gathering  honeybees  may  use  holes  previously  bitten  by 
bumblebees  (e.g.  Trifolium  prat ense:  Free,  1958;  Hawkins,  1961; 
Vida  faba :  Free,  1962a)  or  otherwise  obtain  nectar  without 
pollinating  (e.g.  Medicago  sativa:  Boliart,  1957;  Prunus  sp., 
Pyrus  sp. :  Free,  I960)  and  tend  to  be  constant  to  this  type  of 
behaviour.  Probably  on  many  other  crops  the  behaviour  of 
pollen-gathering  bees  is  more  likely  to  favour  pollination.  How¬ 
ever,  pollen-gatherers  on  Helianthus  annuus  restrict  their  visits 
to  florets  in  the  male  stage  and  only  nectar-gatherers  touch  the 
female  stage  florets  and  pollinate  them. 

Extra  floral  nectaries  sometimes  seem  to  have  a  detrimental 
effect  on  pollination,  because  bees  initially  attracted  to  them  tend 
to  continue  working  them  and  do  not  visit  and  pollinate  the 
flowers  (e.g.  field  beans  and  sunflowers:  Free,  1962a  and  1964). 

Constancy  During  a  Single  Foraging  Trip 

The  flower  constancy  of  bees  has  been  investigated  both  by 
watching  foraging  individuals  for  as  long  as  possible  and  by 
determining  the  number  of  types  of  pollen  present  in  each  pollen 
load.  Results  from  the  first  method  depend  to  a  considerable 
extent  on  the  flora  where  the  bee  is  working;  thus  on  a  large 
homogenous  crop  it  must  be  kept  constant  for  as  long  as  it  re¬ 
mains  there,  which  may,  or  may  not,  be  for  a  complete  trip. 
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The  examination  of  the  pollen  loads  of  bees  on  their  return  home 
is  likely  to  give  a  truer  picture  of  constancy,  but  provides 
information  on  bees  collecting  pollen  only.  Probably  some  bees 
that  visit  species  providing  pollen  but  no  nectar,  also  visit  other 
species)  yielding  nectar  only,  so  their  constancy  may  be  less  than 
is  evident.  It  would  be  difficult  to  determine  the  constancy  of 
bees  by  examining  the  pollen  grains  in  their  nectar  load,  because 
their  honey  stomachs  might  not  have  been  empty  when  they 
left  the  hive. 

Most  of  the  extensive  early  studies  of  constancy  were  done 
by  observing  insects  where  many  flower  species  were  growing 
together  (e.g.  Bennett,  1874  and  1883;  Christy,  1883;  Bulman, 
1892;  Plateau,  1901;  see  also  Clements  &  Long,  1923)  and  they 
showed  that,  even  in  such  circumstances,  the  honeybee  was 
usually  constant,  whereas  the  bumblebee  was  less  so  and  the 
butterflies  and  hoverflies  rarely  constant.  Bateman  (1947)  con¬ 
firmed  this. 

Bennett  (1883)  seems  to  have  been  the  first  to  use  the  contents 
of  pollen  loads  as  an  index  of  constancy  but  he  only  examined 
the  pollen  loads  of  two  bumblebees  and  one  honeybee,  and  pollen 
from  the  guts  of  four  Eristalis  tenax.  Betts  (1920)  made  the  first 
thorough  study  of  constancy  by  using  pollen  loads.  She  con¬ 
cluded  that  less  than  7%  (Betts,  1920)  and  2-3%  (Betts,  1935) 
of  honeybee  pollen  loads  were  mixed.  However,  she  did  not 
include  as  mixed  those  loads  that  contained  a  few  grains  only 
of  a  foreign  pollen,  because  she  thought  these  grains  were 
transferred  when  bees  rubbed  against  each  other  or  parts  of  the 
hive,  or  when  they  visited  flowers  on  which  flies  had  previously 
deposited  pollen  of  another  species.  She  examined  39  Bombus 
Veriest}  is  pollen  loads  and  34  %  had  two  or  more  pollens.  Clements 
and  Long  (1923)  found  honeybees  were  the  most  constant  with 
87-5%  pure  loads,  followed  by  AncLrena,  Megachile  and  Bombus 
species  with  64-3,  54-4  and  53-2%  pure  loads.  Brittain  and 
Newton  (1933  and  1934)  found  honeybees  and  Halictus  sp.  very 
constant  with  Bombus  and  Andrena  species  somewhat  less  so. 
Most  inconstant  bees  have  only  2  species  of  pollen  but  many 
have  3  and  4  and  some  even  6  or  7  (see  Clements  &  Long,  1923; 
Brian,  1954;  Free,  1963  and  1966a;  Spencer-Booth,  1966). 
Constancy  is  often  greater  than  the  results  imply,  as  there  is 
usually  a  preponderance  of  one  pollen  in  a  mixed  load.  Brittain 
and  Newton  (1933)  showed  that  constancy  depends  on  the  rela¬ 
tive  abundance  of  plant  species  and,  when  there  are  large  areas 
of  an  attractive  species,  all  types  of  bee  are  more  constant  than 
when  there  are  relatively  few  of  any  one  species  but  many  species. 
It,  is  hardly  surprisng  that  recent  and  more  extensive  studies 
(e.g.  Percival,  1947;  Maurizio,  1953;  and  Free,  1963)  show  that 
the  percentage  of  impure  honeybee  loads  differs  from  01  to  11  -3% 
in  different  circumstances.  Spencer-Booth  (1966)  found  that 
49%  of  bumblebees  collected  on  homogenous  crops  had  pure 
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pollen  loads  compared  with  17%  for  those  collected  in  gardens 
or  allotments. 

When  a  honeybee  begins  to  forage  it  is  nearly  always  recruited 
to  a  crop  with  abundant  nectar  or  pollen  by  a  successful  forager, 
and  few  search  for  forage  on  their  own  (Lindauer,  1952).  How¬ 
ever,  all  individual  bumblebees  seek  their  own  forage  arid 
consequently  work  on  small  patches  of  flowers  that  tend  to  be 
ignored  by  honeybees  as  well  as  on  large  areas  of  homogeneous 
crops  and,  as  Manning  (1956)  pointed  out,  this  could  mostly 
explain  why  bumblebees  are  less  constant.  The  ability  of  honey¬ 
bees  to  communicate  the  position  of  forage  to  others  of  their 
colonies  equip  them  better  to  exploit  rich  crops. 

Effect  of  Inconstancy 

Inconstant  bees  may  perhaps  help  in  producing  hybrids  and 
new  species  or  varieties.  Betts  (1920)  and  Percival  (1947)  found 
that  mixed  honeybee  loads  contain  the  two  or  more  pollens 
either  segregated  into  distinct  layers  or  intermingled,  and 
Percival  (1947)  pointed  out  that  the  first  type  of  inconstancy 
was  obviously  less  effective  in  cross-pollination  between  species. 
However,  neither  Betts  nor  Percival  saw  much  biological  impor¬ 
tance  in  the  inconstancy  shown,  because  the  different  species 
visited  on  the  same  trip  were  mostly  unrelated  and  merely 
growing  close  together.  Percival  (1947)  found  that  one  of  the 
species  in  a  mixed  load  was  always  a  major  pollen  source  and, 
although  the  two  species  had  flowers  at  the  same  height  above 
ground,  they  had  little  else  in  common;  she  thought  the  chance 
of  interspecific  crossing  was  very  slight  as  the  related  species 
must  grow  together  to  be  crossed,  but  suggested  that  there  might 
have  been  crosses  between  different  species  of  Rubus  fi'uticosus , 
and  between  Rubus  idaeus  and  Rubus  fruticosus,  in  the  area  she 
studied. 

Ribbands  (1949)  watched  for  2  days  a  honeybee  that  on  each 
foraging  trip  collected  pollen  from  Eschscholtzia  californica  and 
both  nectar  and  pollen  from  Limnanthes  douglasii.  Free  (1963) 
found  that  few  honeybees  with  mixed  loads  collected  the  same 
mixture  again  and  most  collected  pure  loads  of  one  of  the  species 
concerned  on  subsequent  trips.  Bees  with  mixed  loads  were 
probably  dissatisfied  with  the  crop  and  sampling  another;  they 
sometimes  transferred  to  another  crop  or  returned  to  their  original 
crop.  The  last  type  of  behaviour  would  explain  the  segregated 
loads  in  which  one  type  of  pollen  is  enclosed  between  layers  of 
another  (Percival,  1947). 

Effect  of  Flower  Constancy 

Darwin  (1876)  pointed  out  that  constancy  enables  the  bee 
to  forage  faster  than  if  it  had  often  to  seek  the  nectaries  on  a  new 
type  of  flower,  and  that  it  facilitates  cross-pollination  within  a 
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species.  It  also  enables  the  bee  to  keep  to  a  species  yielding 
abundant  nectar  and  pollen. 

Mather  showed  that  flower  constancy  may  reproductiveiy 
isolate  related  species  or  varieties.  It  was  previously  assumed 
that  species  living  together  without  hybridising  were  incom¬ 
patible,  but  Mather  (1947)  showed  this  was  not  always  so;  when 
Antirrhinum  majus  and  A.  glutinosum  grew  together  there  was 
only  3%  crossing,  although  artificial  pollination  between  the  two 
species  was  fully  effective  A.  glutinosum  is  more  prostrate  than 
A  majus,  has  smaller  flowers,  predominantly  ivory  in  colour, 
in  contrast  to  the  reddish  flowers  of  A.  majus.  Honeybees 
obviously  distinguished  between  the  two  species  and  never  went 
from  one  to  the  other  and  so  were  not  responsible  for  inter¬ 
specific  pollination.  Grant  (1949)  grew  three  subspecies  of  Gilia 
capitata  together ;  two  were  similar  with  linear  corolla  lobes  and 
creosote-scented  nectar.  Honeybees  discriminated  between  the 
last  and  the  first  two  subspecies  and  in  general  visited  only  it  or 
the  other  two,  although  more  bees  went  to  all  three  subspecies 
when  the  flowers  were  scarce.  Bateman  (1951)  grew  two  cabbage 
varieties  and  two  swede  varieties  intermixed  in  the  same  plot 
and  found  that  individual  honeybees  were  highly  constant  to  the 
species  they  visited  but  somewhat  less  so  to  the  varieties.  These 
observations  confirmed  Mather’s  (1947)  opinion  that  allied 
varieties  may  be  too  similar  for  bees  to  distinguish  them  com¬ 
pletely. 

Bees  can  recognise  flowers  by  their  colours,  shape  and  smell 
(see  Kugler,  1943  for  bumblebees  and  Ribbands,  1953  for 
honeybees)  and  plants  by  their  general  form  and  location  (Darwin, 
1876;  Manning,  1956a).  When  a  species  has  flowers  of  more  than 
one  colour,  bees  readily  change  between  them  (Darwin,  1876; 
Christy,  1883;  Plateau,  1899;  Mather,  1947)  and  so  are  probably 
ignoring  colour  as  a  distinguishing  factor.  However,  when  bees 
are  working  flowers  of  one  colour  only,  they  become  conditioned 
to  it  and  so  might  ignore  any  mutant  of  a  different  colour;  bees 
can  only  distinguish  four  main  groups  of  colour  [yellow,  blue-green, 
blue,  ultra-violet;  honeybees:  Frisch  (1914);  bumblebees:  Kugler 
1943)]  so  only  major  colour  changes  or  ones  including  new  colour 
patterns  (e.g.  Kugler,  1936,  1943;  Manning,  1956b)  would  be 
effective.  Similarly,  although  bees  can  learn  the  general  shape 
of  flowers  and  plants,  their  visual  acuity  is  small  and  would 
probably  only  distinguish  quite  large  changes ;  thus,  when 
foraging,  they  seem  not  to  discriminate  between  stunted  and  tall 
plants  of  the  same  species,  or  between  flowers  at  different  stages 
of  opening.  However,  bees  have  a  very  good  sense  of  smell  and 
are  particularly  good  at  distinguishing  mixtures  of  scents 
(Ribbands,  1955).  Both  bumblebees  and  honeybees  can  be 
trained  to  flowers  that  man  cannot  smell  (e.g.  Linaria  vulgaris 
and  Echium  vulg  are:  Kugler  1932;  Vaccinium  myrtillus :  Frisch, 
1919).  Although  bees  are  directed  to  flowers  from  a  distance  by 
sight  and  particularly  bv  the  flower’s  colour  (Frisch,  1919;  Knoll, 
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1926;  Butler,  1951),  at  close  quarters  scent  provides  the  stimulus 
to  alight  (Frisch,  1919;  Kugler,  1943;  Manning,  1957).  Butler 
(1951)  found  that  adding  a  strong  foreign  scent  to  the  immediate 
vicinity  of  flowers  (Scilla  non-scripta,  Taraxacum  officinale, 
Trifolium  repens )  made  many  fewer  bees  enter  them.  Any 
genetical  change  that  includes  a  change  in  flower  scent  is  likely 
to  be  distinguished  by  bees  better  than  other  characters  and 
hence  is  more  likely  to  survive.  Kerner  (1895)  pointed  out  that 
closely  related  plant  species  often  have  very  different  odours. 

When  a  new  hybrid  or  mutant  is  formed  with  a  scent  different 
from  its  parent,  bees  conditioned  to  visit  the  parental  population 
tend  to  ignore  it,  so  how  the  mutant  gene  if  dominant  will  spread 
through  the  population  is  difficult  to  understand.  However, 
when  the  mutant  gene  is  recessive,  bees  will  not  differentiate 
between  it  and  the  parental  population  until  it  appears  as  a 
homozygote  in  a  subsequent  generation,  when  there  might  be 
enough  plants  of  the  new  type  for  some  bees  to  become  con¬ 
ditioned  to  them  alone,  and  so  they  will  be  preserved  and  isolated. 

As  Grant  (1949)  suggested,  ethological  isolation  is  probably 
more  important  when  it  reinforces  geographical  isolation.  When 
species  have  been  isolated  geographically  for  some  time  before 
coming  together  again,  they  might  have  diverged  sufficiently  in 
form  and  colour  for  bees  to  differentiate  between  them  irrespective 
of  smell.  Discrimination  by  bees  would  then  tend  to  reinforce 
the  floral  differences.  Grant  (1949)  pointed  out  that  taxonomists 
tend  to  distiguish  species  pollinated  by  specialised  insect  polli¬ 
nation  or  birds  more  on  their  floral  characteristics  than  they  do 
for  species  subject  to  more  haphazard  pollination.  Probably 
several  types  of  isolation  usually  operate;  thus  Sprague  (1962) 
demonstrated  that  sympatric  species  of  Pedicularis  are  kept 
separate  by  the  combined  efforts  of  partial  intersterility  and 
mechanical  as  well  as  ethological  isolation,  none  of  which  is  com¬ 
plete  by  itself. 

Foraging  Area  on  a  Crop  During  a  Single  Trip 

Although  a  bee  leaving  a  flower  is  more  likely  to  go  to  another 
flower  on  the  same  plant  than  to  another  plant,  it  usually  visits 
only  a  small  proportion  of  the  flowers  on  each  plant.  Thus,  on 
average  a  bee  enters  only  12%  of  the  flowers  on  each  Frag  aria 
vesca  plant  it  visits  (Free,  unpublished),  and  only  22  florets  per 
Helianthus  annuus  head  (Free,  1964)  and  about  20%  of  the  florets 
on  a  red  clover  head  although  more  florets  are  visited  per  head 
with  increase  in  nectar  content  (Free,  1965). 

This  behaviour  facilitates  cross-pollination  and  is  especially 
valuable  with  crops  of  self-sterile  species.  Thus  a  honeybee  arriv¬ 
ing  on  a  fruit  tree  from  a  compatible  variety  pollinates  only  the 
first  few  flowers  it  visits  and  the  compatible  pollen  it  carries  is 
soon  either  packed  into  its  pollen  baskets  or  diluted  with  main 
variety  pollen  (Free,  1962b).  However,  Free  (1966)  found  that 
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the  percentage  of  Trifolium  pratense  florets  that  set  seed  did  noo 
decrease  with  the  number  visited  per  head,  so  perhaps  the  large 
accumulation  of  Trifolium  pratense  pollen  in  the  fossal  regions 
of  the  proboscis  (see  later)  prevents  too  much  dilution  of  the 
compatible  pollen  with  a  flower’s  own  pollen. 

Bees  do  not  wander  at  random  over  a  crop  but  tend  to  keep 
to  only  a  small  part  of  it.  Preliminary  work  by  Muller  (1882), 
Giltay  (1904)  and  Bonnier  (1906)  showed  that  some  marked 
honeybees  returned  on  successive  trips  to  small  areas  of  Salvia 
sp.,  Papaveraceae  sp.  and  Fagopyrum  esculentum.  Minderhoud 
(1931)  found  that  individual  honeybees  kept  to  an  area  of  10 
metres  from  where  they  were  marked  on  crops  of  Trifolium 
pratense,  Taraxacum  officinale,  Reseda  lutea  and  Brassica  juncea. 
Buzzard  (1936a  and  b)  discovered  that  most  bees  returned  to  the 
same  bush  of  Cotoneaster  horizontalis  on  which  they  were  marked, 
or  the  same  small  area  of  rockrose,  Melilotus  and  Dorycnium 
suffruticosum  until  the  flowers  faded.  Butler,  Jeffree  and 
Kalmus  (1943)  found  that  most  bees  on  a  patch  of  Epilobium 
angustifolium  kept  to  areas  less  than  5  yards  diameter  for  up  to 
17  days  and  that  few  bees  strayed  from  one  patch  of  Echinops 
sphaerocephalus  to  another  18  yards  away;  bees  collecting  sugar 
syrup  kept  returning  to  the  same  dish  until  it  was  empty.  The 
foraging  areas  during  a  single  foraging  trip  must  be  less  than  the 
above  and  the  few  measurements  made  indicate  this  may  be  onlv 
a  few  square  feet  of  a  herbage  crop  or  two  fruit  trees  (Singh, 
1950:  Free,  1960). 

Butler,  Jeffree  and  Kalmus  (1943)  pointed  out  that  inter¬ 
breeding  will  not  be  homogeneous  throughout  a  self-sterile  crop, 
but  there  will  be  a  series  of  over-lapping  breeding  systems 
corresponding  to  the  foraging  areas  of  the  pollinators.  Thus, 
where  two  compatible  varieties  were  grown  in  adjacent  blocks, 
most  intercrossing  would  be  likely  near  to  where  the  two  varieties 
joined.  Practical  information  on  this  is  obviously  important  to 
seed  growers  who  want  to  avoid  contamination  between  species 
and  varieties,  but  in  1943  there  was  little  information,  and  this 
mostly  circumstantial  (see  Darwin,  1876  and  Haskell,  1943),  and 
attempts  had  failed  to  isolate  strains  by  separating  them  by 
species  attractive  to  bees  (Williams,  1925).  Crane  and  Mather 
(1943)  provided  the  first  detailed  information;  they  grew  two 
varieties  of  radish  in  adjacent  blocks  and  found  that  where  only 
9  inches  separated  varieties  of  radish  there  was  from  30  to  40% 
intercrossing,  but  this  decreased  rapidly  to  only  about  1  %  where 
15  ft.  separated  varieties  and  kept  at  about  this  for  the  remainder 
of  the  plot.  They  also  grew  plants  of  one  radish  variety  up  to  408 
feet  from  another  and  found  that  the  intercrossing  decreased 
rapidly  with  increasing  distance  and  at  240  feet  it  was  0J%  or 
less.  They  concluded  that,  during  a  single  trip,  a  honeybee 
foraged  on  an  area  4  to  5  yards  in  diameter  and  that  300  feet 
isolation  is  sufficient  to  prevent  contamination  of  seed  crops  like 


THE  FORAGING  BEHAVIOUR  OF  BEES  AND  ITS  EFFECT  ON  PLANTS  83 

radish.  However,  they  pointed  out  that,  when  only  a  few  plants 
are  grown,  a  larger  isolation  distance  is  necessary  as  the  foraging 
areas  are  unlikely  to  be  so  restricted. 

Bateman  (1947)  made  similar  experiments  with  varieties  of 
radish  and  turnip  (both  self-compatible)  and  confirmed  that  in¬ 
creased  separation  rapidly  decreased  contamination  at  first  but 
then  had  little  effect ;  in  one  experiment  contamination  decreased 
from  60%  at  7  yards  to  6%  at  50  yards,  but  an  additional  150 
yards  made  no  difference  to  the  small  amount  (about  1%)  of 
contamination.  Minderhoud  (1949)  marked  honeybees  in  pairs 
of  large  turnip  and  mustard  fields  150  to  350  metres  apart  and 
subsequently  found  them  only  in  the  fields  where  they  were 
marked.  However,  when  small  mignonette  and  mustard  fields 
were  100  metres  apart  he  stated  that  a  small  percentage  of  bees 
visited  both  fields.  He  pointed  out  that  although  bees  are  less 
inclined  to  leave  large  than  small  fields,  even  large  fields  provide 
only  a  small  amount  of  forage  when  flowering  begins  and  the  bees 
may  then  stray  more  from  them  than  later. 

From  the  small  foraging  areas  of  bees  on  radish,  Crane  and 
Mather  (1943)  deduced  the  need  for  many  poliinizer  varieties  in 
an  orchard  of  self-incompatible  trees  and  that,  ideally,  inter- 
pollinating  varieties  should  be  planted  in  equal  numbers.  This 
was  confirmed  by  Free  (1962)  who  showed  that  the  fruit  set  on 
a  self-compatible  variety  of  plum  decreased  rapidly  with  distance 
from  poliinizer  varieties,  and  on  trees  4  or  more  rows  away  from 
the  pollmizers  only  1  %  or  less  of  the  flowers  set  fruit.  Similar  but 
less  pronounced  effects  were  found  in  apple,  pear  and  sweet  cherry 
orchards  (Free  and  Spencer-Booth,  1964a).  Sometimes  the  sides 
of  apple  and  plum  trees  facing  pollinizers  set  more  fruit  than 
the  far  sides.  They  suggested  that,  to  ensure  maximum  polli¬ 
nation  throughout  an  orchard  of  standard  trees,  every  tree 
needing  cross-pollination  should  be  surrounded  by  pollinizers  and, 
in  orchards  of  dwarf  trees,  pollinizers  should  be  frequent  along 
the  rows. 

The  size  of  a  bee’s  foraging  area  depends  on  many  factors 
including  the  distance  apart  of  plants,  number  of  flowers  per 
plant,  stage  of  flowering,  nectar  and  pollen  production,  weather 
(Buzzard,  1936a  and  b;  Ribbands,  1949;  Singh,  1950),  and  the 
number  of  pollinating  insects,  both  for  their  effect  on  food  supply 
and  disturbance  to  each  other  (Kikuchi,  1963).  It  is  probably 
wise  to  allow  for  minimum  foraging  areas  in  orchards  and 
maximum  foraging  areas  on  seed  crops. 

The  safest  method  of  isolating  plants  for  seed  is  to  grow  them 
in  insect-proof  greenhouses  or  cages  and  introduce  either  honey¬ 
bees  to  pollinate  them  (e.g.  Trifolium  pratense:  Schweiger,  1960; 
Brassica  sp. :  Atkinson  and  Constable,  1937;  Priestley,  1954; 
Butler  and  Haigh,  1956)  or  bumblebees  (e.g.  Trifolium  pratense : 
Linhard,  1921;  Williams,  1925;  Minderhoud,  1950;  Sneep,  1952; 
Schweiger,  1960)  or  flies  (e.g.  Daucus  carota :  Borthwick  and 
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Ernswiller,  1934;  Allium  cepa;  Jones  and  Einswiller,  1933;  Peto, 
1950;  Brassica  sp. :  Faulkner,  1962). 

Constancy  to  Area  of  Crop  Over  Successive  Visits 

Although  the  foraging  area  of  a  bee,  constant  to  a  particular 
crop,  may  be  quite  small  over  short  periods,  the  longer  it  forages 
the  greater  the  area  it  covers.  Thus  Singh  (1950)  found  that,  on 
alsike  clover,  a  bee  worked  an  area  of  8  x  9  feet  during  one  trip, 
20  x.  25  feet  over  one  day  and  31  x  41  feet  over  13  days. 

Mommers  (1948)  found  that,  in  an  orchard  of  standard  apple 
trees,  individual  bees  foraged  over  an  area  at  least  20  yards  in 
diameter  during  one  day,  and  Free  and  Spencer-Booth  (1946b) 
found  that,  in  an  orchard  of  dwarf  apple  trees,  on  average  a  bee 
kept  to  not  more  than  10  ft.  of  a  row  during  one  trip  but  its 
foraging  area  increased  from  405  sq.  yds.  of  orchard  during  2  days 
to  1,215  sq.  yds.  during  8  days,  and  the  bees  readily  changed 
between  the  different  varieties. 

Although  bees  have  a  restricted  foraging  area  on  one  trip, 
if  they  retained  some  of  the  pollen  on  their  bodies  from  one  trip 
to  the  next,  it  might  pollinate  flowers  further  afield  and  so  facili¬ 
tate  cross-pollination  between  self-compatible  varieties.  Free  & 
Durrant  (1966)  enclosed  Cox’s  Orange  Pippin  trees  in  insect-proof 
cages;  trees  enclosed  with  honeybee  colonies  only  set  no  fruit; 
trees  enclosed  with  honeybee  colonies  and  bouquets  of  Worcester 
Pearmain  had  25%  of  their  flowers  set  fruit;  trees  had  20%  of 
their  flowers  set  fruit  when  enclosed  without  honeybee  colonies 
or  bouquets,  but  with  a  honeybee  colony  beside  each  cage  from 
which  20  bees  leaving  to  forage  were  directed  into  the  cage  16 
times  a  day.  Evidently,  bees  sometimes  fail  to  clean  their  bodies 
thoroughly  of  pollen  while  in  their  hives  and  when  they  leave  they 
still  carry  pollen  on  their  bodies  and  distribute  pollen  more 
widely  than  during  a  single  trip.  This  could  explain  the  fairly 
persistent  but  small  amount  of  cross-pollination  in  fruit  and  seed 
crops  (Crane  and  Mather,  1943;  Bateman,  1947;  Free,  1962)  some 
distance  from  the  pollen  source,  and  indicates  how  similar 
varieties  can  hybridise  when  not  growing  close  together.  Because 
bees  carry  compatible  pollen  from  one  trip  to  the  next  their 
constancy  during  consecutive  trips  is  very  relevant  to  speciation. 

Constancy  to  Species  During  Consecutive  Trips 

Although  many  observers  (e.g.  honeybees:  Minderhoud,  1931 
Buzzard,  1936a  and  b;  Butler,  Jeffree  and  Kalmus,  1943;  Singh, 
1950;  bumblebees:  Way  and  Synge,  1948;  Free  and  Butler,  1958, 
Free,  1964)  have  recorded  some  bees  repeatedly  returning  to  a 
small  part  of  a  crop,  this  gives  no  information  about  constancy 
in  general,  because  bees  that  did  not  return  could  be  in  a  different 
part  of  the  same  crop,  visiting  other  species,  in  the  hive,  or  dead. 
Thus,  Free  (1964)  found  that  15  marked  bumblebees  continued 
to  visit  a  patch  of  sunflowers  for  one  day  but  only  8  of  them  did 
for  3  days  and  only  1  for  5  days.  Also  most  of  the  observations 
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were  made  on  crops  relatively  attractive  to  bees. 

Percival  (1947)  found  that  the  same  honeybees  visited 
Crataegus  monogyna  in  the  morning  and  Sarothamnus  scoparius 
in  the  afternoon.  Ribbands  (1949)  watched  5  bees  forage  for  2  or 
3  days  each  in  a  garden  with  5  flower  species  and  found  that 
2  of  them  visited  2  or  more  species.  Free  (1963)  studied  the 
flower  constancy  on  successive  days  of  bees  of  several  colonies, 
by  removing  and  identifying  one  pollen  pellet  each  from  marked 
foragers  each  time  they  returned  home.  As  expected,  a  bee  was 
more  likely  to  change  its  source  of  forage  during  a  day  than 
during  a  single  trip,  and  the  proportion  of  bees  collecting  their 
original  pollen  decreased/  with  each  successive  day  of  foraging  so 
that  after  a  week  only  about  half  were  still  constant.  The  rate 
of  change  differed  greatly  in  different  experiments  and  probably 
reflected  differences  in  foraging  conditions.  Bees  collecting  the 
most  common  pollen  made  fewest  changes.  No  bee  consistently 
collected  different  pollens  at  different  times  of  the  day. 

Many  flower  species  present  pollen  at  certain  times  of  the 
day  only,  or  more  abundantly  at  some  times  than  others  (Synge, 
1947 ;  Percival,  1950);  pollen-gatherers  become  conditioned  to  the 
time  pollen  is  presented  and  forage  accordingly  (Beling,  1929), 
so  the  relative  proportions  of  nectar  and  pollen  gatherers  on  a  crop 
may  differ  greatly  at  different  times  of  the  day.  Although  on 
some  flowers  (e.g.  Cyrus  malus  and  Helianthus  annuus )  where 
change  from  nectar  to  pollen  gathering  is  fairly  easy,  individual 
bees  will  change  from  one  form  of  behaviour  to  the  other  (Free, 
1964;  Spencer-Booth.  1964),  on  other  flowers  (e.g.  Vicia  faba: 
Free,  1962)  bees  mostly  keep  to  collecting  either  pollen  or  nectar 
only,  and  pollen-gatherers  desert  the  crop  rather  than  change 
to  collecting  nectar. 

Free  (1963)  found  that,  although  about  half  of  the  bees  re¬ 
mained  at  home  when  their  own  source  of  pollen  was  temporarily 
unobtainable,  some  foraged  for  nectar  only  and  a  few  even  visited 
other  species  for  pollen.  Because  bees  leaving  their  hive  probably 
carried  viable  pollen  on  their  bodies,  pollen  collected  on  one  trip 
could  be  used  to  pollinate  another  species  on  another  trip. 
However,  such  crossing  would  probably  be  restricted  to 
consecutive  trips,  because  pollen  seems  to  lose  its  viability  after 
some  hours  (Latimer,  1936;  Butler  and  Haigh,  1956;  Kraai, 
1962). 

In  addition  to  pollen  on  their  body  surface,  honeybees  visiting 
certain  crops  (e.g.  Trifolium  yrat'ense :  Woodrow.  1952;  Minder- 
houd,  1954:  Furgala.  Tucker.  Holdawav,  1960:  Medicago  sativa: 
Levin,  1955;  Vansell,  1955:  Primus  sp.  and  Pyrus  sp. :  Free, 
1966b)  can  accumulate  pollen  in  the  proboscis  fossa  in  the 
posterior  ventral  part  of  the  head.  Bees  have  difficulty  in 
removing  this  pollen  (Levin,  1955),  which  is  only  gradually  dis¬ 
lodged  as  new  pollen  accumulates,  so  bees  may  work  one  crop 
while  still  retaining  pollen  from  another  in  their  fossae  (Furgala, 
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Tucker,  Holdaway,  1960).  This  pollen  may  also  pollinate  different 
species  provided  the  bees  work  them  both  within  a  short  period 
and  the  fossal  region  touches  the  stigma  when  visiting  the  second 
species. 

Spencer-Booth  (1966)  found  that  most  nectar-gathering  as 
well  as  pollen-gathering  bumblebees  had  pollen  in  their  fossae, 
usually  pollen  of  more  than  one  species.  The  amount  varied  with 
the  flower  species  being  visited.  As  bumblebees  are  less  constant 
than  honeybees  during  a  single  trip,  as  well  as  from  trip  to  trip, 
their  fossal  pollen  is  likely  to  have  a  greater  role  in  speciation. 

Although  bees  only  occasionally  visit  different  species  for 
pollen  on  consecutive  trips.  Free  (1966b)  found  that  the  body 
hairs  of  most  bees  collected  on  flowers  had  a  few  pollen  grains 
of  species  different  from  those  they  were  working ;  although 
pollen-gatherers  had  more  pollen  on  their  bodies  than  nectar- 
gatherers,  they  had  less  from  “foreign”  species'  presumablv 
because  most  of  it  had  been  packed  in  their  corbiculae.  There¬ 
fore  nectar- gatherers  that  touch  the  stigmas  may  be  more 
important  in  speciation  than  pollen-gatherers.  Bees  leaving  th^ir 
hives  had  several  thousand  pollen  grains  on  their  bodies,  the 
amount  differing  with  the  species  the  bee  was  visiting;  although 
one  pollen  was  usually  predominant  and  was  presumably  from 
the  species  the  bee  was  working,  there  was  nearly  always  some 
pollen  (preliminary  results  show  6  to  22%)  of  a  few  other  snecies. 
Probably  some  pollen  becomes  transferred  to  the  bees  while  thev 
are  in  the  hive,  as  they  brush  against  other  foragers.  At  lea^t 
some  of  this  acquired  uollen  is  likelv  to  be  viable  and  chance 
successful  cross-pollination  with  it  could  explain  the  rare  instances 
of  hybridisation  over  distances  of  a  mile  or  more  (Darwin,  1876; 
Bateman,  1946).  when  the  bees  themselves  remain  constant. 
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Discussion 

Prof.  D.  Lewis  asked  Dr.  J.  B.  Free  whether  there  were  any  data 
on  the  number  of  colonies  present  and  the  area  foraged,  and  whether  the 
foraging  area  changed  in  size  with  the  availability  of  nectar.  Was  there 
a  large  foraging  area  when  flowering  was  low  and  nectar  scarce,  and 
a  smaller  foraging  area  when  flowering  was  at  its  height  and  nectar 
plentiful? 

Dr.  J.  B.  Free  said  that  bees  tend  to  forage  near  to  their  colonies 
so  it  is  advisable  to  disperse  colonies  in  small  groups  throughout  the 
orchard  or  field  needing  pollination.  Foraging  areas  of  individual  bees  are 
probably  greater  at  the  beginning  and  end  of  flowering  when  nectar 
is  relatively  scarce  than  during  full  flower.  We  need  more  information 
on  the  effect  of  the  size  of  the  bee  population  in  an  area  on  individual 
foraging  areas. 

Dr.  Young  expressed  some  puzzlement  about  cultivated  Freesias.  Dr. 
Free  had  said  that  when  a  honey-bee  followed  the  nectar  guides  it  did 
not  touch  the  anthers  or  stigmas,  which  he  thought  strange.  As  this  was 
a  florist’s  plant,  Dr.  Young  asked  whether  the  proportions  of  the  floral 
parts  to  the  size  of  the  insect  had  changed,  with  the  result  that  the  anthers 
no  longer  approached  the  insect  sufficiently  closely. 

Dr.  J.  B.  Free  said  this  was  probably  true. 

Dr.  A.  V.  Hall  said  that  the  wild  species  in  South  Africa  had  smaller 
flowers  than  the  cultivated  forms. 

Prof.  D.  H.  Valentine  said  that  in  the  discussion  of  Grant  on  flower 
evolution  it  had  been  suggested  that  the  inferior  ovary  had  arisen  as  a 
protective  device  from  birds  and  other  pollinators.  Prof.  Valentine 
asked  if  this  had  any  relevance  to  orchid  flowers. 

Prof.  L.  van  der  Pijl  said  that  the  orchid  flower  had  developed  from 
stock  already  with  an  inferior  ovary,  whilst  birds  were  latecomers  as 
pollinating  agents.  Therefore  birds  can  have  had  little  influence  on  the 
evolution  of  inferior  ovaries,  and  certainly  not  in  orchids.  Inferior 
ovaries  did,  however,  provide  protection  from  beetles. 

Prof.  D.  A.  Webb  asked  if  there  was  any  evidence  of  beetle  attacks. 

Prof.  L.  van  der  Pijl  said  that  in  the  South  American  genus  Victoria, 
the  beetles  eat  through  some  parts  (carpel-appendages)  of  the  flowers, 
but  cannot  reach  the  ovaries.  In  Calycanthus,  only  the  anther-appendages 
are  eaten. 

Prof.  J.  G.  Hawkes  asked  what  was  the  reason  for  the  long  threads 
on  the  flowers  of  fly-pollinated  orchids. 
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Prof.  L.  van  der  Pijl  said  the  vibrating  threads  first  act  as  guides 
for  settling.  Vogel  had  shown  that  most  threads,  moreover,  produce 
odours,  as  for  example  in  Masdevallia  and  Phragmopedilum,  and  also  in 
Cirrhopetalum.  The  vibrations  of  these  threads  were  important  in  spread¬ 
ing  the  odour. 

Mr.  J.  N.  R.  Kasembe  asked  if  during  pseudocopulation  in  wasp 
pollination  of  orchid  flowers,  there  was  proof  of  ejaculation,  or  was  it  just 
the  positioning  of  the  abdomen  of  the  pollinator. 

Prof.  L.  van  der  Pijl  said  that  although  the  wasp’s  body  vibrated, 
ejaculation  did  not  take  place  in  Ophrys,  but  did  in  Cryptostylis.  In 
addition  to  the  odour  and  flower  shape,  there  was  an  added  stimulation 
from  hairs  on  the  flower. 

Prof.  J.  L.  Harper  asked  if  the  presence  of  the  scent  itself  was  sufficient 
to  attract  the  pollinators,  or  had  the  scent  to  be  centred  on  the  flower. 

Prof,  van  der  Pijl  replied  that  the  odour  was  the  principal  means 
of  attraction. 

Prof.  J.  L.  Harper  asked  if  the  scent  was  effective  if  applied  artificially. 

Prof.  L.  van  der  Pijl  said  that  it  was,  according  to  experiments  with 
it  absorbed  on  paper  (experiment  of  Dodson).  When  asked  why,  if  wasps 
were  more  attracted  to  flowers  than  to  females  of  their  own  species,  the 
wasps  did  not  become  extinct,  Prof,  van  der  Pijl  replied  that  this  was 
a  general  question  and  too  broad  to  go  into  at  this  point.  The  females 
appear  later.  In  Ophrys  there  was  no  deception  when  the  females  of  the 
pollinator  species  were  also  present,  but  in  other  . cases  it  remained  active. 
Deception  works  only  as  long  as  the  imitation  forms  a  minority. 

Dr.  G.  Haskell  said  that  in  triploid  and  tetraploid  apples  and  pears, 
the  stamen  number  decreased  and  the  filaments  became  tougher.  Dr. 
Haskell  asked  Dr.  Free  if  the  tetraploids  would  suffer  through  the  polli¬ 
nators  not  being  able  to  reach  the  nectar  because  of  the  barrier  created 
by  the  stronger  filaments. 

Dr.  J.  B.  Free  said  that  this  was  true,  but  bees  collecting  pollen  would 
still  be  able  to  pollinate  such  flowers.  It  was  possible  to  change  the 
behaviour  of  many  bees  from  nectar  to  pollen  gathering  by  placing  a  sugar 
solution  above  the  combs  in  the  hive.  When  foraging  bees  return  to  their 
hive,  they  regurgitate  their  nectar,  which  is  received  by  the  younger  bees 
working  in  the  hive.  When  there  is  a  sugar  solution  provided  within  the 
hive,  these  younger  bees  use  it  rather  than  taking  regurgitated  nectar  from 
the  foragers.  This  causes  the  foragers  to  abandon  collecting  nectar  only 
and  to  collect  pollen  on  subsequent  trips. 
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DISPERSAL  AND  ESTABLISHMENT:  WHAT  DO  WE  REALLY  KNOW? 

D.  A.  Webb 

(Trinity  College,  Dublin) 


I  cannot  imagine  what  prompted  the  organisers  of  this 
conference  to  ask  me  to  deliver  an  address  on  this  subject;  still 
less  can  I  understand  what  mad  impulse  made  me  accept  their 
invitation.  It  is  a  subject  on  which  I  have  done  no  experiments 
or  systematic  observations,  and  my  reading  has  been  of  a  most 
desultory  and  unsystematic  character.  It  is,  in  all  fairness  to 
myself,  a  subject  on  which  I  have  never  pretended  to  any 
knowledge.  In  the  consequently  rather  gloomy  task  of  preparing 
an  address  on  the  subject  I  have,  however,  been  cheered  by  the 
discovery  that  as  far  as  I  can  see  nobody  else  knows  much  more. 
I  shall,  therefore,  content  myself  with  playing,  not  for  the  first 
time,  the  role  of  enfant  terrible,  who  breaks  through  the  conspiracy 
of  silence,  who  discloses  our  embarrassing  nakedness,  and  who 
suggests  how  ill-founded  are  the  generalizations  we  allow  our¬ 
selves  to  make  from  time  to  time  on  this  subject.  I  shall  also 
consider  whether  this  situation  can  be  improved,  and  although 
here  a  good  deal  of  realism,  which  some  of  you  may  dub  pessimism 
or  cynicism,  is  called  for,  my  message  will  not  be  one  of  unrelieved 
gloom.  It  will,  at  least,  be  a  refreshing  change  for  some  of  you, 
who  have  been  lectured  continuously  for  the  last  five  or  six 
years  by  our  taxonomic  mandarins  on  how  little  we  know  of 
phylogeny,  how  little  we  can  hope  to  know,  and,  at  times,  it  would 
seem,  how  ill-bred  it  is  to  want  to  know  anything  about  it — it 
will  be  a  change  to  have  your  ignorance  of  another  important 
part  of  biology  demonstrated. 

This  symposium  attempts  to  cover  reproduction  in  all  its 
aspects,  and  reproduction  is,  of  course,  a  long  and  complex 
process.  In  the  most  literal  sense  of  the  word  it  implies  the  whole 
process  whereby  a  more  or  less  perfect  facsimile  of  the  parent  is 
produced  in  the  next  generation,  and  it  covers,  therefore,  most  of 
the  process  of  growth.  It  is  purely  a  matter  of  convention  that 
we  normally  exclude  from  it  the  growth  of  the  seedling  to  the 
adult;  but  the  inclusion  of  the  word  ‘establishment’  in  my  title 
shows  that  we  can,  at  least,  give  some  consideration  to  the  early 
part  of  this  process.  ‘Establishment’  means  for  most  people  the 
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successful  surmounting  of  the  critical  stages  of  seedling  growth  as 
far  as  the  production  of  a  plant  which  is,  from  the  viewpoint  of 
the  general  physiologist,  adult.  In  a  plant  like  Agave  americana 
this  is  a  long  way  from  the  final  completion  of  the  cycle  in  the 
attainment  of  reproductive  maturity,  but  we  assume,  probably 
rightly,  that  the  physiology  and  biology  of  these  later  stages  of 
growth  do  not  differ  appreciably  from  the  physiology  and  biologj^ 
of  mere  survival.  For  a  forest  tree,  however,  this  is  not  so  true. 
A  sapling  living  in  deep  shade  and  fighting  its  way  up  to  the 
light  or,  as  in  the  tropical  rain-forest,  patiently  waiting,  with  a 
minimal  growth-rate,  the  moment  wdren  a  break  in  the  canopy 
will  allow  it  to  spurt  upwards,  cannot  be  said  to  be  established 
till  it  breaks  through  the  canopy  to  the  sun. 

I  stress  this  point  because  we  are  apt  to  forget  that  the  repro¬ 
ductive  process  is  a  long  chain  whose  strength  is  the  strength  of 
its  weakest  link.  We  are  sometimes  apt  to  talk  of  the  fusion  of 
the  male  and  female  nuclei,  or  of  the  replication  of  a  molecule  of 
DNA  as  the  ‘real’  or  ‘essential’  part  of  reproduction.  ‘Real’  and 
‘essential’  can  very  often  be  translated  without  loss  as  meaning 
‘interesting  to  me  at  the  moment’,  and  certainly  no  reproduction 
that  does  not  culminate  in  the  appearance  of  a  second-generation 
plant  ready  to  reproduce  in  its  turn  deserves  the  word  ‘real’. 
Again,  we  are  apt  to  get  interested  in  one  stage  of  the  process  and 
judge  the  efficiency  of  a  plant’s  reproduction  by  its  efficiency  in 
this  stage — it  may  be  meiosis,  or  pollination-mechanism,  or  growth 
of  the  pollen-tube,  or  suitably  phased  germination.  But  efficiency 
in  any  one  of  these  may  be  nullified  by  inefficiency  at  some  other 
point.  This  is  true,  of  course,  of  my  topics  also — efficient  dispersal 
and  establishment  can  only  come  into  play  if  there  is  a  sufficiency 
of  seed  available.  But  they  are  at  the  moment  too  unfashionable 
for  there  to  be  much  risk  of  their  stealing  the  limelight.  It  is  very 
obvious  that  there  are  numerous  species  whose  reproductive 
efficiency  up  to  the  production  of  seed  is  good,  but  which  find 
their  limiting  factor  in  quite  unexplored  difficulties  in  dispersal  or 
establishment. 

I  have  made  it  clear,  I  hope,  1iowt  establishment  must  be  con¬ 
sidered  an  integral  part  of  the  reproductive  process.  The  position 
of  dispersal  in  this  respect  is  not  quite  so  clear.  We  must,  I 
think,  for  this  purpose,  distinguish  between  short-range  and  long- 
range  dispersal.  A  plant  of  which  all  the  seeds  fall  to  the  ground 
immediately  below  the  branches  on  which  they  are  borne  is 
obviously  inefficient  in  its  reproduction.  A  plant  in  which  they 
are  blown  by  the  wind  for  an  average  distance  of  20  yards  is  vastly 
more  efficient.  But  what  about  a  plant  in  which  they  are  trans¬ 
ported  by  wind  or  birds  or  some  other  agency  for  an  average 
distance  of  20  miles?  Is  this  more  efficient  still?  We  would  mostly 
say  yes,  but  it  is  open  to  argument;  I  will  return  to  the  point 
later.  The  important  thing  is  to  realise  that  various  distances  of 
dispersal  achieve  different  things.  The  first,  and  most  essential, 
is  to  remove  the  seed  to  a  sufficient  distance  from  the  parent  that 


DISPERSAL,  AND  ESTABLISHMENT 


95 


it  does  not  compete  with  it  for  water,  nutrients  or  light.  This  is 
achieved  almost  automatically  by  wind  and  ram  in  the  case  of 
small  plants,  as  it  is  not  necessary  that  all  the  seeds  shall  be  dis¬ 
placed  for  this  distance,  only  that  a  reasonable  proportion  shall, 
ft  is  only,  in  fact,  with  shrubs  or  trees  that  we  ever  observe  failure 
in  this  respect.  But,  you  will  say,  this  is  very  unadventurous— 
a  plant  which  is  going  to  be  a  success  must  be  able  to  exploit  new 
territory.  This  is,  of  course,  true,  but  the  extent  to  which  it  is 
true  depends  on  rather  complex  ecological  considerations,  namely 
the  ecological  tolerance  of  the  species,  and  the  abundance  and  con¬ 
tinuity  of  its  preferred  habitats. 

A  species  of  high  ecological  tolerance — as,  for  example, 
Anthoxanthum  odoratum,  which  is  found  in  a  wide  range  of 
communities — has  clearly  everything  to  gam  and  nothing  to  lose 
by  broadcasting  its  propagules  as  widely  as  possible,  as  a  large 
proportion  are  likely  to  end  up  in  environments  where  they  can 
germinate  and  become  established.  But  for  a  plant  of  specialized 
habitat— say  Lobelia  dortmanna,  or  Calystegia  soldanella,  or 
Viola  reichenbachiana — the  situation  is  not  quite  so  clear.  Broad¬ 
cast  long-range  dispersal  will,  of  course,  enable  their  seeds  to  reach 
new  lakes,  dunes  or  woods  as  the  case  may  be.  But  think  how 
many  of  them  will  fall  instead  on  roadsides,  ploughed  fields, 
heaths  or  meadows,  where  none  of  them  have  any  possibility  of 
establishment.  Might  it  not,  perhaps,  pay  off  better  to  have  only 
short-range  dispersal,  which  will  mean  that  most  of  the  seeds  will 
fall  on  suitable  terrain?  New  territorities  will  not  be  conquered, 
but  the  existing  territory  will  be  fully  exploited. 

The  answer  to  this  question  lies  largely  in  the  distribution  of 
the  specialized  types  of  environment  in  relation  to  the  possible 
dispersal  distances,  and  also  in  the  number  of  propagules  pro¬ 
duced.  If  the  plant  has  a  high  reproductive  capacity  waste  is  of 
little  consequence  and  broadcast,  long-range  dispersal  will  be 
efficient  because,  although  the  proportion  of  propagules  that  find 
their  way  to  a  suitable  environment  is  small,  their  absolute  num¬ 
ber  is  fairly  large.  But  for  a  plant  with  a  relatively  small  seed- 
output  living  in  an  isolated  sample  of  a  discontinuous  and  fairly 
rare  type  of  habitat  it  obviously  becomes  questionable  whether 
long-range  dispersal  is  likely  to  help  it  at  all. 

We  are  up  against  a  genuine  intellectual  difficulty  here  for  the 
reason  that  we  are  dealing  with  very  small-scale  probabilities,  and 
we  have  no  real  calculus  for  these.  The  difference  between  a 
million-to-one  chance  and  a  hundred-million-to-one  chance  of  a 
seed  landing  in  a  suitable  environment  may  make  all  the  difference 
between  success  or  failure,  but  our  imagination  cannot  cope  with 
figures  of  this  kind.  The  same  difficulty  recurs,  as  I  shall  show 
later,  when  we  attempt  to  argue  a  case  for  or  against  trans-oceanic 
dispersal. 

It  is  worth-while  pointing  out  in  this  connexion  how  pro¬ 
foundly  human  interference  with  the  natural  pattern  of  vegeta¬ 
tion  has  transformed  the  problem  of  dispersal,  making  it  much 
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easier  for  some  species  and  much  more  difficult  for  others.  The 
present  situation,  in  fact,  is  not  one  to  which  it  is  reasonable  to 
expect  most  plants  to  be  well  adapted.  A  woodland  species  in 
Western  Europe  to-day  has  a  very  uncertain  future  unless  it  has 
some  means  of  moderately  long-range  dispersal;  five  thousand 
years  ago  this  would  have  been  an  unnecessary  luxury.  For  plants 
of  open  ground  the  reverse  is  true. 

Efficient  dispersal  and  efficient  establishment  are,  of  course,  to 
some  extent  in  conflict,  as  the  food-store  of  a  large  seed,  which  is 
the  most  certain  insurance  against  the  perils  of  establishment,  is 
usually  a  hindrance  to  dispersal.  Salisbury  has  shown  that  species 
of  closed  communities,  and  especially  of  woodland,  tend  to  have 
larger  seeds  than  those  of  open  communities.  The  correlation  is 
far  from  perfect,  but  the  general  trend  is  clear.  We  might  expect 
woodland  plants,  therefore,  to  be  relatively  inefficiently  dispersed ; 
but  in  fact  a  fair  proportion  of  them  make  the  best  of  both  worlds 
by  having  succulent  fruits.  This  enables  them  to  have  large  seeds 
or  pyrenes,  suitable  for  the  establishment  of  their  seedlings  in 
deep  shade,  and  yet  to  be  assured  of  fairly  long-range  dispersal. 
And  dispersal  by  birds  is,  on  the  whole,  likely  to  be  more  efficient 
for  an  ecologically  specialized  species  than  dispersal  by  wind.  A 
bird  which  has  fed  on  fruits  in  a  wood  may  void  the  seeds  any¬ 
where,  but  it  is  more  likely  to  do  so  in  another  wood  than  in  a  lake 
or  on  a  moor. 

If  one  reviews  the  British  flora  it  is  striking  how  many  plants 
with  succulent  fruits  are  shrubs  or  herbs  of  woodland,  and  yet 
how  few  are  forest  trees.  Ribes,  Viburnum ,  Comus,  Rhamnus, 
Crataegus,  Prunus,  Tamus,  Paris,  Sorbus,  Taxus,  Solanum — all 
these  are  woodland  genera  with  bird-dispersed  fruits  and  there  are 
several  more.  Against  them  one  can  set  only  Vaccinium, 
Empetrum  and  a  few  Rubi  as  bird-dispersed  genera  of  open 
habitats.  But  why  do  none  of  our  forest  dominants  have  succulent 
fruits?  Is  there  something  in  the  genetic  constitution  of  the 
Amentiferae  which  forbids  it,  or  is  there  some  other  reason? 
Adaptation  to  wind-dispersal  varies  in  our  forest  trees  from  very 
good  in  Betula,  and  thence  in  a  descending  scale  of  efficiency 
through  Alnus,  Pinus,  TJlmus,  Carpinus  and  Fraxinus  to  Acer,  for 
which  the  effective  dispersal  distance  is  of  the  order  of  a  few 
hundred  yards.  And  finally,  at  the  bottom  of  the  list  come  the 
two  most  important  genera  of  all,  Quercus  and  Fagus,  with  no 
obvious  means  of  dispersal  whatsoever.  To  these  one  must  add  the 
important  shrub  Corylus,  and  genera  of  trees  which  are  dominants 
in  other  parts  of  the  world,  such  as  Castanea,  Juglans  and  Cary  a. 

I  have  not  searched  the  literature  for  statements  on  how  the 
seeds  of  these  genera  are  dispersed,  but  I  suggest  that  what  state¬ 
ments  there  are  are  cloaks  for  ignorance.  Of  course,  the  seeds  are 
eaten  by  animals  of  various  kinds,  and  they  may  trundle  them 
round  before  they  eat  them.  But  can  this  seriously  be  called  a 
means  of  dispersal?  Rooks  and  other  large  birds  may,  doubtless, 
carry  acorns  and  sometimes  drop  them,  but  can  they  drop  them 
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in  the  places  where  we  find  young  oak-trees,  such  as  half-way 
up  the  face  of  a  rocky  bluff  rising  out  of  blanket-bog?  Yet  what 
other  means  of  transport  for  the  acorn  can  be  suggested  that  is 
not  even  less  plausible? 

We  are  asked  to  believe  that  the  mixed-oak  forest  which 
entered  south-east  England  at  the  end  of  the  Boreal  spread  over 
the  whole  of  the  British  Isles  within  a  period  that  cannot  have 
been  longer  than  2,000  years  and  may  well  have  been  very  much 
less.  If  we  take  20  years  as  the  minimum  age  for  effective  fruiting 
of  an  oak,  it  means  that  each  generation  must,  on  the  average, 
have  occupied  an  advancing  front  60  miles  ahead  of  its  pre¬ 
decessor.  I  frankly  cannot  imagine  how  this  was  done,  and  I  sug¬ 
gest  that  you  cannot  either. 

But  these  trees  are  merely  an  extreme  case  of  a  much  more 
numerous  class  of  plants — those  which  have  no  obvious  means  of 
dispersal,  but  which  seem  nevertheless  to  get  around.  Our 
demonstrations  to  elementary  classes  of  the  fruits  and  seeds  of 
Clematis ,  Arctium,  Rub  us,  Ulmus  and  so  on,  with  the  usual  chat 
on  dispersal,  are  all  right  as  far  as  they  go ;  but  why  do  we  never 
give  demonstrations  on  the  dispersal  of  Urtica  dioica  or  Plant  ago 
lanceolata  or  Beilis  perennis‘1  I  remember  as  a  schoolboy  reading 
in  Shipley’s  little  book  called  Life  a  quatrain  which  ran : 

“The  lightning-bug  has  wings  of  gold, 

The  June-bug  wings  of  flame; 

The  bed-bug  has  no  wings  at  all, 

But  he  gets  there  just  the  same”. 

This  is  true  also  of  such  plants  as  I  have  just  mentioned;  they 
combine  ubiquity  with  no  apparent  dispersal  mechanism. 

It  is  probably  true  that  many  of  the  diaspores  of  plants  such 
as  these  which  are  especially  common  near  human  habitations  are 
well  adapted  to  dispersal  on  boots  or  motor-tyres,  or  among 
agricultural  products;  their  ubiquity  then  becomes  a  tribute  to 
their  fertility  and  their  ease  of  establishment.  But  what  about 
some  other  species  which  are  not  followers  of  man?  How  did 
Endymion  non-scriptus  and  Allium  ursinum,  both  with  smooth 
seeds  weighing  over  5  mg,  find  their  way  to  Connemara  and  the 
Hebrides?  And  how  did  Thymus  drucei  come  to  cover  the 
country — a  species  of  which  Pigott  (Biological  Flora  of  the  British 
Isles )  says :  ‘Observations  suggest  that  dispersal  is  inefficient.  .  .  . 
On  the  railway  .  .  .  near  Dullingham  T.  drucei  has  only  spread 
along  the  cutting  to  the  extent  of  0.8  km  in  over  one  hundred 
years’. 

The  fact  must  be  faced  that  for  over  half  the  species  in  the 
British  flora  we  are  sadly  in  the  dark  about  their  powers  of  dis¬ 
persal,  the  conditions  for  their  germination  and  the  ease  with 
which  they  become  established.  I  am  afraid  that  this  gives  an 
unreal  character  to  many  of  our  discussions  on  phytogeography. 
The  more  I  meditate  on  some  of  the  peculiar  patterns  of  distribu¬ 
tion  which  have  been  the  subject  of  controversy,  the  more  I  incline 
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to  the  view  that  in  many  cases  long-range  dispersal  by  some  means 
quite  unknown  to  us  is  the  most  rational  solution.  Doris  Love 
(North  Atlantic  Biota  and  their  history,  pp.  189-205,  1963)  has 
presented  a  forcible  case  against  long-range  dispersal  in  the  Arctic 
as  being  effective  for  anything  larger  than  orchid-seeds  or  fern- 
spores,  but  once  more  we  are  up  against  the  difficulty  that  we  are 
evaluating  not  facts  but  probabilities,  or  rather  improbabilities. 
Consider  the  question  of  the  presence  of  Daboecia  cantabrica  in 
Western  Ireland.  There  are  only  four  conceivable  explanations 
for  its  presence  here  in  spite  of  absence  from  Kerry,  Cornwall  and 
Brittany.  It  may  have  survived  the  last  glaciation  there ;  it  may 
have  had  a  continuous  range  in  early  post-glacial  times  and  have 
become  extinct  in  intermediate  stations  in,  say,  the  Atlantic 
period;  it  may  have  arrived  from  S.W.  Europe  by  natural  long- 
range  dispersal  in  post-glacial  times;  or  it  may  have  been  intro¬ 
duced  from  France  or  Spain  in  historical  times  by  human  agency. 
The  trouble  is  that  if  one  considers  conscientiously  all  the  avail¬ 
able  evidence,  all  these  theories  appear  at  once  as  highly  improb¬ 
able  yet  none  can  be  formally  dismissed  as  impossible.  We  are 
not  trained  to  discriminate  between  these  high  degrees  of  im¬ 
probability,  and  in  consequence  we  tend  to  incline  to  one  theory 
or  another  for  trivial  or  emotional  reasons. 

Perhaps  I  have  dwelt  long  enough  on  dispersal;  let  me  turn 
to  a  brief  consideration  of  our  ignorance  of  the  factors  which 
govern  establishment.  My  first  point  is  well  illustrated  by  a 
chance  observation  I  made  some  years  ago  on  the  Three  Castles 
Head,  Co.  Cork.  I  had  gone  there  to  look  for  Tuberaria  guttata, 
the  little  annual  rock-rose  which  has  such  a  curious  and  peripheral 
distribution  in  the  British  Isles.  It  grows  only  on  islands,  except 
for  this  remote  headland  which  is  almost  an  island,  always  in 
extreme  oceanic  conditions  on  thin  and  rather  dry  peat.  It  pro¬ 
vides,  in  fact,  a  classical  instance  of  a  species  exhibiting  extreme 
ecological  choosiness  when  at  the  limits  of  its  geographical  range. 
I  sat  down  to  have  my  lunch  on  the  lee  side  of  the  hillock  on  which 
the  main  colony  grows;  beside  me  was  a  stream,  with  its  banks 
edged  with  large  hummocks  of  Sphagnum.  In  one  of  these 
sopping  hummocks  was  a  fine  colony  of  Tuberaria  seedlings  which 
looked,  if  anything,  healthier  than  those  I  had  seen  on  the  dry 
peat.  Seed-pressure  was  clearly  responsible  for  the  appearance  of 
the  plant  in  a  very  abnormal  habitat. 

What  is  the  moral  of  this?  I  do  not  exactly  know,  but  it 
suggests  that  we  know  very  little  about  dispersal  and  establish¬ 
ment.  Why,  if  the  seedlings  can  flourish  there,  are  they  not  all 
over  the  bogs  of  Ireland?  One  obvious  comment  was  that  I  saw 
only  seedlings;  some  had  unfolded  several  leaves  but  none  had 
actually  come  to  flower.  But  the  phenomenon  suggests  that  there 
is  an  ecological  principle  which  we  often  overlook,  that  possession 
is  ninety-nine  points  of  the  law.  Not  only  is  it  as  difficult  to  oust 
an  existing  plant  as  to  establish  a  new  one ;  but  also  the  relatively 
inefficient  dispersal  of  most  species  means  that  in  the  immediate 
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neighbourhood  of  the  parent  outside  chances  of  survival  in 
unsuitable  habitats  are  so  persistently  multiplied  that  eventually 
they  amount  to  a  probability. 

The  second  point  I  would  make  is  a  very  obvious  one,  but 
usually  overlooked.  Frequency  of  establishment  must  have  an 
inverse  ratio  to  life-span.  Salisbury  was  not  able  to  detect  any 
greater  reproductive  efficiency  among  short-lived  than  among 
long-lived  plants.  But  the  fact  remains  that  although  a  few  species 
are  plainly  increasing  or  dying  out  the  majority  in  our  flora  are 
maintaining  their  frequency  fairly  constant.  It  follows,  therefore, 
that  for  every  plant  established  another  must  die,  so  that 
presumably  for  long-lived  plants  the  percentage  of  germinating 
seeds  that  come  to  fruition  must  be  extremely  minute.  Perhaps 
the  most  extreme  example  is  seen  in  Arbutus  unedo.  It  is,  in 
Ireland,  a  rather  poor  fruiter,  but  an  average  tree  probably 
produces  upwards  of  100  seeds  a  year  (allowance  being  made  for 
the  years  when  there  is  no  fruit  at  all).  But  the  life  span  of  the 
individual  is  enormous.  Nothing  kills  it  save  shading  out  by  the 
growth  of  forest,  or  flooding  by  changes  in  lake  level.  If  it  is  burnt 
it  sprouts  vigorously  from  the  base;  if  it  is  blown  over  the  same 
rich  source  of  dormant  buds  sees  to  it  that  fresh  shoots  grow 
at  once.  I  reached  the  conclusion  that  the  majority  of  trees  in 
the  Killarney  region  are  several  hundred  years  old  and  many  over 
a  thousand.  This  means  that  the  establishment  of  one  or  two 
seedlings  a  year  in  the  whole  district  would  maintain  its  numbers. 
It  is  perhaps  significant  that  in  garden  culture  the  rearing  of 
seedlings  is  difficult ;  they  have  to  be  sown  on  chopped  Sphagnum 
if  one  is  to  have  any  real  hope  of  success.  There  must  be  many 
other  species  whose  replacement  rate  is  only  slightly  higher,  and 
whose  seedlings  are  ruthlessly  weeded  out  by  factors  which  we 
can  only  guess  at. 

I  have  played  Jeremiah  for  long  enough;  what  can  we  do  to 
be  saved?  In  respect  of  some  of  the  problems,  I  fear  that  we  can 
do  little.  I  do  not  think  that  questions  regarding  long-range 
dispersal  can  ever  have  an  entirely  satisfactory  answer.  More 
systematic  observations  by  ornithologists,  and  more  definite  and 
consistent  statements  from  geologists  will  help,  but  they  will,  at 
best,  help  us  to  draw  the  line  a  little  more  clearly  between  the 
impossible  and  the  vastly  improbable,  and  the  argument  will 
usually  begin  afresh.  But  for  problems  relating  to  short-range 
dispersal  and  establishment  a  great  deal  can  be  done  by  observa¬ 
tion  and  experiment,  and  one  must  ask  why  more  is  not  being 
done.  The  answer,  I  think,  lies  in  the  organizational  structure  of 
biological  research  in  Britain,  which  is  still,  except  in  some  clearly 
defined  fields  of  economic  importance,  concentrated  in  the 
universities.  And  in  the  universities,  research  has  to  be  to  some 
extent  fashionable,  and  it  has  to  be  interesting.  Most  supervisors 
would  consider  (and  I  do  not  condemn  them  for  this)  that  a 
problem  which  involved  merely  the  counting  of  seeds  and  the 
observation  of  what  happened  to  them  as  being  unsuitable  for  a 
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Ph.D.  thesis;  the  student  should  be  given  a  problem  which  forced 
him  to  use  a  computer,  or  a  flame  photometer,  or  a  photo-electric 
cell,  or  at  least  some  messing  around  with  aceto-carmine  squashes. 
The  young  lecturer  is  to  some  extent  in  a  rat-race,  and  dare  not 
stray  too  far  from  the  orthodoxy  of  his  department  until  he  has 
made  his  name.  And  the  elderly  have  usually  lost  the  patience 
with  routine  work  which  our  problems  certainly  demand. 
Furthermore,  the  training  which  a  botanist  receives  is  not  the 
ideal  one  for  such  work.  His  recondite  knowledge  of  biochemistry 
and  cytology,  which  is,  of  course,  essential  for  an  understanding 
of  so  many  other  problems  in  botany,  will  not  help  him  with  these ; 
instead,  he  needs  a  wide  background  of  zoology,  geology  and 
climatology,  which  he  rarely  gets  these  days. 

If  the  universities  are  out,  we  are  left  with  the  Civil  Service 
and  the  world  of  amateurs.  The  civil  servant  is  usually  more 
patient  of  routine  than  the  academic,  and  he  is  less  exposed  to 
the  winds  of  fashion.  There  is  no  doubt  that  a  ‘Botanical 
Institute’  of  the  type  common  in  some  other  countries  could  plan 
and  carry  out  fruitful  research  on  the  problems  I  have  been 
discussing.  But  the  only  ‘Botanical  Institute’  in  this  country  is 
Kew,  and  there  seems  to  be  little  chance  that  in  any  near  future 
it  will  extend  its  activities  into  a  field  like  this.  Can  we  then  look 
to  the  amateurs  for  help.  I  think  that  we  can.  A  very  large 
number  of  observations  and  experiments  required  need  no  very 
sophisticated  knowledge  and  no  expensive  apparatus.  The 
exposure  in  suitable  places  of  trays  of  sterilized  soil  and  the  record¬ 
ing  of  their  colonization;  the  placing  on  marked  spots  of  known 
numbers  of  seeds  and  the  following  of  their  fate ;  the  getting  down 
on  hands  and  knees  and  searching  for  seedlings  in  natural  vegeta¬ 
tion — these  need  nothing  more  than  patience,  sharp  eyes  and 
meticulous  recording,  the  traditional  virtues  of  the  amateur.  They 
are  experiments  in  what  I  might  call  the  Darwin  tradition.  But 
if  the  work  is  really  to  be  fruitful  it  will  need  planning  and  co¬ 
ordination.  Dispersal  and  establishment  for  most  species  will 
proceed  differently  in  south-west  England  and  in  northern  Scot¬ 
land,  and  some  machinery  will  be  needed  to  stimulate  both  sets 
of  observations  and  to  synthesize  their  results.  This  Society  has 
made,  over  the  past  decade,  a  large  and  very  successful  effort  in 
the  field  of  plant-geography.  I  believe  it  could  do  the  same  in  the 
field  of  reproductive  biology  if  it  were  provided  with  the  same 
amount  of  stimulus  and  encouragement,  and  the  same  type  of 
central  secretariat  to  plan,  to  record  and  to  publish.  May  I  con¬ 
clude  by  sowing  this  seed  in  the  minds  of  your  committee.  Dis¬ 
persal  is  achieved  at  this  meeting,  but  can  my  seed  become 
established?  Well,  it  has  been  part  of  the  message  of  this  paper 
to  suggest  that  the  million-to-one  chance  sometimes  succeeds. 

Discussion 

Mr.  Lousley  said  that  as  an  amateur  botanist  he  had  long  taken  an 
interest  in  the  problems  discussed  by  Professor  Webb  and  was  impressed 
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by  the  difficulties  in  obtaining  direct  evidence  of  dispersal  by  wild 
animals.  There  was  plenty  of  evidence  for  domestic  animals,  and 
especially  sheep,  but  for  wild  animals  and  birds  it  was  exceedingly  hard 
to  get  real  proof  that  they  acted  as  vectors  for  particular  species.  For 
years  he  had  been  trying  to  obtain  excreta  in  adequate  quantities  which 
could  be  identified  as  coming  from  particular  species  of  birds,  but  apart 
from  pigeons  he  had  been  unsuccessful.  He  understood  that  an  appeal  to 
ornithologists  at  a  recent  conference  at  Oxford,  and  to  members  of  the 
Mammal  Society  at  Keele  this  month,  had  failed  to  produce  a  single 
recollection  of  fruit  or  seed  being  seen  on  the  animals  concerned  in  the 
wild.  He  thought  that  our  best  hope  of  obtaining  direct  evidence  lay  in 
interesting  large  numbers  of  people  in  the  problem,  and  the  observations 
of  amateur  naturalists  should  be  organised. 

Mr.  Lousley  also  suggested  that  the  efficiency  of  random  dispersal 
should  not  be  overestimated.  Many  species  had  failed  to  reach  places 
where  they  might  be  expected  to  grow  in  Britain.  As  an  example  he 
mentioned  Arbutus  unedo  which  had  been  referred  to  by  Professor  Webb. 
This  regenerated  freely  from  seed  from  planted  trees  in  the  south  of 
England.  It  was  thoroughly  established  on  the  cliffs  of  Jersey  near  Noir- 
mount  Manor,  where  it  had  been  for  a  sufficiently  long  time  to  stand  the 
test  of  a  number  of  exceptionally  severe  winters.  It  was  able  also  to  sus¬ 
tain  the  more  severe  conditions  of  Culbone  Woods  in  Somerset.  It  seemed 
likely  that  this  and  some  other  species  would  be  more  widely  distributed 
if  random  dispersal  of  their  fruits  and  seeds  were  more  efficient. 

Prof.  Valentine  agreed  that  far  too  little  was  known  about  the  spread 
of  many  plants  in  our  flora.  An  annual  plant  which  dispersed  its  seed 
for  a  radius  of  about  ten  yards  would  take  about  a  hundred  thousand 
years  to  reach  north  Scotland,  starting  off  from  the  south  coast  after 
the  glacial  period.  Some  other  mechanism  was  obviously  being  overlooked. 
He  also  suggested  that  ants  were  quite  important  agents  in  plant  dis¬ 
persal,  as  had  been  shown  in  connection  with  the  spread  of  violet  seeds. 
Therefore,  entomologists  could  co-operate  in  this  field,  and  a  study  of  the 
means  of  dispersal  of  British  plants  might  be  a  profitable  topic  for  further 
investigation  (by  members  of  the  B.S.B.I.?). 

Dr.  Crosby  pointed  out  that  ants  were  often  eaten  by  woodpeckers, 
which  would  help  further  in  seed  dispersal. 

Dr.  Young  said  that  wind  dispersal  of  seeds  was  perhaps  more  import¬ 
ant  than  had  often  been  realised.  Besides  plants  such  as  *Compositae, 
which  were  obvious  examples  of  wind  dispersal,  light  bran-like  seeds 
such  as  those  of  orchids,  Monotropa  and  Pyrola,  were  also  probably  dis¬ 
tributed  by  wind.  There  is  some  evidence  that  dispersal  is  long  range  and 
in  fairly  high  concentration,  and  some  evidence  to  the  contrary.  He  also 
wanted  to  know  whether  anyone  had  detected  air-borne  seeds  in  traps 
designed  for  the  purpose,  but  so  far  as  he  was  aware,  the  investigators 
who  used  spore  and  pollen  traps  had  not  obtained  seeds  in  their  traps, 
possibly  because  they  used  a  filter  to  screen  out  the  larger  particles.  It 
would  obviously  be  of  value  to  set  up  a  series  of  experiments  to  sample 
air-borne  seeds. 

Dr.  Woodell  asked  how  plants,  apart  from  wind  dispersed  species,  were 
able  to  colonise  walls.  He  had  tried  to  catch  seeds  on  sticky  surfaces  and 
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had  obtained  only  wind-dispersed  ones,  and  he  was  very  concerned  to 
know  how  other  species  were  able  to  establish  themselves  on  walls.  He 
emphasised  that  more  observers  were  needed  in  this  sphere. 

Dr.  Crosby  described  the  case  of  a  wind  dispersed  plant,  the  radiate 
form  of  the  common  groundsel,  which  although  it  forms  abundant  seeds 
was  more  or  less  absent  from  the  Durham  walls  and  rarely  spread  beyond 
the  confines  of  a  single  isolated  colony. 

Professor  Webb  thought  that  this  was  what  would  be  expected,  since  the 
majority  of  seeds  apparently  well-adapted  for  dispersal  do  not  spread  far. 
So  far  as  Durham  was  concerned  he  thought  that  a  very  close  and  detailed 
survey  was  necessary  to  make  sure  that  the  plant  was  in  fact  absent.  He 
considered  that  what  probably  happened  was  that  if  90%  of  the  seeds 
landed  within  100  yards  of  the  parent  and  only  0-01%  became  eventually 
established  the  possibility  of  plants  becoming  established  far  away  from  the 
parent  was  very  remote  indeed.  It  seemed  to  him  that  it  was  very  easy 
to  confuse  the  possibility  of  dispersal  range  with  the  actual  spread. 

Mr.  Kay  thought  that  not  enough  attention  had  so  far  been  paid  in 
this  Conference  to  a  discussion  of  the  dispersal  of  seeds  by  water.  He 
had  been  studying  maritime  plants,  where  seeds  were  carried  by  sea 
water  and  thought  that  the  same  process  could  operate  inland.  For 
instance,  seeds  might  float  down  rivers  for  some  distance  to  a  place  where 
they  could  become  established;  if  this  continued  for  some  time  the  areas 
of  establishment  would  fuse  to  give  a  continuous  area. 
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Knowledge  regarding  the  physiology  of  seed  dormancy  and 
germination  clearly  has  a  number  of  implications  for  ecology  and 
taxonomy.  For  example,  the  time  of  germination  of  seeds  depends 
upon  a  considerable  variety  of  factors,  some  innate  to  the  seed 
itself  and  some  of  an  environmental  nature.  Physiological  studies 
have  cast  some  light  upon  the  nature  and  mode  of  action  of  these 
factors.  Again,  information  on  the  longevity  of  seed  in  the  soil, 
and  on  the  effect  of  environmental  factors  on  the  life-span  of  seeds, 
is  of  interest  to  both  the  ecologist  and  the  agriculturalist.  It  will 
be  shown  that  the  special  conditions  required  to  overcome  the 
dormancy  of  many  seeds,  such  as  winter-chilling,  imply  a  delicate 
adaptation  of  the  species  to  particular  environmental  conditions. 
Where  such  special  conditions  are  required  they  may  constitute  an 
important  factor  determining  the  geographical  distribution  of  a 
species. 

Although  much  of  the  information  from  physiological  studies  is 
not,  unfortunately,  in  the  form  in  which  it  can  be  extrapolated  to 
field  conditions,  nevertheless  it  provides  useful  ‘background’  infor¬ 
mation  for  the  ecologist  and  taxonomist,  and  may  suggest  useful 
further  studies  by  the  field  botanist.  Indeed,  a  great  deal  of  useful 
observations  on  the  germination  behaviour  of  seeds  under  field 
conditions  could  be  collected  by  amateur  botanists. 

Definitions 

A  seed  may  fail  to  germinate  either  (a)  because  environmental 
conditions,  such  as  temperature,  moisture  or  aeration  are  un¬ 
favourable,  or  (b)  because  of  some  condition  within  the  seed  itself. 
Thus  it  is  necessary  to  distinguish  between  ‘imposed’  or  ‘enforced’ 
dormancy,  due  to  unfavourable  environmental  conditions,  and 
‘innate’  dormancy  arising  from  causes  within  the  seed  itself. 
Harper  (1957)  has  also  suggested  a  third  term,  ‘induced’  dormancy, 
for  cases  where  certain  environmental  conditions  (such  as  high 
carbon  dioxide  concentrations)  lead  to  a  state  of  innate  dormancy, 
so  that  the  seed  will  no  longer  germinate  even  when  it  is  trans¬ 
ferred  to  conditions  which  are  normally  favourable  for  germina¬ 
tion.  For  convenience,  the  term  ‘dormancy’  will  be  used  in  this 
article  as  a  form  of  shorthand  for  ‘innate  dormancy’,  which  may 
be  defined  as  the  state  in  which  the  germination  of  the  seed  is  in 
some  way  prevented,  even  though  external  conditions  are 
apparently  favourable. 
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The  conditions  necessary  for  germination  in  non-dormant  seeds 

Imposed  dormancy  may  result  if  any  one  of  the  prime  con¬ 
ditions  for  germination,  i.e.  water,  temperature  and  aeration,  are 
inadequate.  Failure  to  germinate  due  to  insufficient  soil  moisture 
is,  of  course,  most  common  in  arid  regions,  but  even  in  Britain 
lack  of  rain  may  be  an  important  factor  regulating  the  germina¬ 
tion  of  Aira  praecox  and  Teesdalia  nudicaulis  during  the  summer 
(see  p.  in),  and  this  is  probably  true  for  other  British  species  of 
dry  habitats,  such  as  sand-dunes. 

It  is  usual  to  recognize  three  ‘cardinal  temperatures’  when 
considering  the  effects  of  temperature  on  germination,  viz. 
minimum,  optimum  and  maximum.  The  minimum  temperatures 
for  germination  of  different  species  show  a  broad  correlation  with 
the  climatic  conditions  under  which  they  occur  naturally,  being 
higher  for  tropical  than  for  temperate  species.  However,  within 
temperate  plants  there  are  considerable  differences  between  species 
with  respect  to  their  minimum  temperatures  for  germination. 
Thus,  in  some  species,  such  as  S inapis  alba,  Trifolium  repens,  T. 
pratense  and  Acer  platanoides  the  minimum  temperature  is  0CC 
or  even  lower,  whereas  in  others  the  minimum  is  considerably 
higher.  It  is  clear  that  the  minimal  temperature  requirements 
of  a  species  may  play  an  important  role  in  determining  the  time  of 
its  germination  in  the  spring. 

Many  species  have  maximal  temperatures  which  are  high,  viz. 
40  °C  or  higher.  On  the  other  hand,  some  species  such  as  annual 
Delphinium  have  relatively  low  maximum  temperatures  and  re¬ 
main  dormant  at  20 °C  or  higher;  similarly,  celery  will  not 
germinate  above  27  °C.  A  few  species,  such  as  Lewisia  rediviva, 
have  an  optimum  temperature  as  low  as  1°C.  Seeds  with  low 
maximum  temperatures  may  be  prevented  from  germinating 
during  the  summer  because  of  high  field  temperatures,  especially 
in  hot  desert  regions  (Barton,  1936;  see  also  p.  112). 

The  germination  of  many  seeds  is  favoured  by  a  daily  alter¬ 
nation  of  temperature,  and  indeed  some  species  germinate  very 
poorly  if  kept  under  constant  temperatures.  For  example,  seeds 
of  Cynodon  dactylon  and  Typha  latifolia  do  not  germinate  at  all 
at  constant  temperature,  but  do  so  at  alternating  ones. 

The  oxygen  requirements  of  different  seeds  vary  widely,  but 
most  seeds  are  capable  of  germinating  at  oxygen  concentrations 
below  that  of  air.  In  some  species,  e.g.  Rumex  crispus,  Avena 
fatua,  increase  in  oxygen  concentration  above  that  of  air  promotes 
germination;  it  seems  that  in  some  of  these  seeds  the  oxygen 
uptake  by  the  seeds  is  limited  by  the  low  permeability  of  the  seed 
coverings  (testa,  glumes,  etc.)  to  oxygen.  Many  species  germinate 
poorly  or  not  at  all  when  submerged  below  water,  probably  due 
to  reduced  oxygen  supply.  However,  the  seeds  of  aquatic  and 
swamp  species  such  as  Typha  latifolia,  Alisma  plantago-aquatica, 
Sagittaria  sagittifolia,  and  rice  germinate  readily  under  water  and 
in  the  almost  complete  absence  of  oxygen. 
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High  concentrations  of  carbon  dioxide  inhibit  germination  of 
many  seeds  (see  p.  113).  By  contrast,  carbon  dioxide  appears  to 
stimulate  the  germination  of  some  species,  e.g.  Trifolium  subter- 
raneum,  T.  arvense  (Lipp  and  Ballard,  1959)  and  Poa  compressa. 

Innate  dormancy 

The  forms  of  innate  dormancy  are  described  fully  in  a  number 
of  books,  including  those  by  Crocker  and  Barton  (1957),  Barton 
and  Crocker  (1948)  and  Mayer  and  Poljakoff-Mayber  (1963),  and 
hence  the  subject  will  be  summarised  only  briefly  here  and  with 
special  reference  to  ecological  aspects. 

Following  the  work  of  Crocker  and  his  co-workers,  it  is  useful 
to  distinguish  a  number  of  forms  of  innate  seed  dormancy,  as 
follows : 

(1)  Immaturity  of  the  embryo.  Immaturity  of  the  embryo  on 
shedding  of  the  seed  is  found  in  a  number  of  species,  including 
Anemone  nemorosa,  Ranunculus  ficaria,  and  C alt  ha  palustris.  In 
such  species  the  embryo  is  at  a  very  incomplete  stage  of  develop¬ 
ment  at  the  time  of  shedding  and  it  undergoes  considerable  further 
development  after  this.  The  seed  is  unable  to  germinate  until  the 
embryo  has  undergone  this  further  development.  It  may  be  of 
significance  that  some  of  the  species  showing  immaturity  of  the 
embryo  at  shedding  are  characteristic  woodland  herbs  of  the 
vernal  phase,  and  it  is  possible  that  the  immaturity  of  the  seed 
reflects  the  very  short  annual  life-cycle  of  such  species. 

(2)  Hard-coated  seeds.  Dormancy  due  to  hard-coated  seeds  is 
characteristic  of  a  number  of  families,  including  many  species  of 
the  Leguminoseae,  Malvaceae,  Geraniaceae,  Chenopodiaceae, 
Convolulaceae,  and  Solanaceae.  In  such  seeds  the  testa  is  thick 
and  impermeable  to  water  at  the  time  of  shedding.  In  many  cases 
the  testa  has  a  very  impervious  cuticle  and  the  seeds  lie  buried 
in  the  soil  until  this  layer  is  sufficiently  eroded  by  the  activities 
of  soil  micro-organisms  to  allow  the  penetration  of  water  to  the 
embryo,  when  germination  usually  takes  place  readily.  The  time 
taken  for  the  erosion  of  the  impervious  layer  varies  considerably 
from  one  seed  to  another,  so  that  germination  may  occur  irregu¬ 
larly  over  several  years,  as  is  the  case  with  Robinia  pseudacacia, 
for  example.  Many  of  these  hard-coated  seeds  have  a  very  long 
life-span  and  may  remain  viable  in  the  soil  for  many  years  (p.  110). 
For  further  information  on  this  subject,  the  reader  is  referred  to 
the  recent  article  by  Barton  (1965b). 

(3)  The  need  for  after -ripening  in  storage.  The  seed  of  many 
species  is  dormant  when  shed,  but  it  gradually  becomes  non- 
dormant  during  storage,  even  if  kept  in  a  dry  condition.  This 
type  of  dormancy,  which  is  described  as  due  to  the  need  for 
‘after-ripening  in  dry  storage’  is  evidently  due  to  some  cause  within 
the  seed  itself  and  disappears  spontaneously  with  time.  This  type 
of  dormancy  is  found  in  a  very  wide  range  of  species,  both  culti¬ 
vated  and  wild  (Table  5);  indeed,  it  is  probably  relatively  more 
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Table  5 

Species  with  seeds  showing  a  requirement  for  after-ripening  in  dry  storage 


Agrostis  tenuis 
Deschampsia  flexuosa 
Oats  (Avena) 

Barley  ( Hordeum ) 

Rice  ( Oryza ) 


Lettuce  ( Lactuca ) 
Nicotiana  spp. 
Oenothera  stricta 
Trifolium  spp. 
Teesdalia  nudicaulis 


frequent  in  wild  species,  having  been  bred  out  of  cultivated  plants, 
such  as  peas,  beans,  maize,  etc.,  during  their  domestication.  The 
period  required  for  the  disappearance  of  this  type  of  dormancy 
varies  considerably,  from  2  weeks  to  12  months  or  more  (Barton, 
1965a).  The  effect  of  this  type  of  dormancy  is,  of  course,  to  delay 
the  immediate  germination  of  the  seed  on  shedding,  under  field 
conditions.  Newman  (1963)  has  shown  the  importance  of  this 
type  of  dormancy  in  determining  the  time  of  germination  in  Aira 
praecox  and  Teesdalia  nudicaulis  (p.  111). 

(4)  Chilling  requirement.  The  need  for  a  period  of  winter 
chilling  before  germination  can  occur  is  also  very  widespread.  It 
is  well-known  for  trees  and  shrubs,  because  of  the  need  to  over¬ 
come  the  dormancy  in  propagation  by  seed  in  forestry  and  horti¬ 
culture,  but  the  phenomenon  is  also  found  in  many  cultivated 
herbaceous  plants  and  is  undoubtedly  common  in  many  wild  her¬ 
baceous  species  (see  Kinzel,  1913),  although  precise  information 
is,  in  most  cases,  lacking.  Some  examples  of  seeds  showing  a 
chilling  requirement  are  given  in  Table  6.  The  practical  means 


Table  6 

Species  with  seeds  having  a  chilling  requirement  for  germination 


Acer  pseudoplatanus 
Alisma  plantago-aquatica 
Betula  pubescens 
Crataegus  spp. 

Gentiana  spp. 

Heracleum  sphondylium 
Polygonum  spp. 

Prunus  persica. 

Pyrus  spp. 

Ribes  grossularia 


Rosa  spp. 

Scirpus  campestris 
Sorbus  aucuparia 
Typha  latifolia 
Vitis  spp. 

Abies  spp. 

Cupressus  macrocarpa 
Juniperus  communis 
Picea  spp. 

Pinus  spp. 


of  overcoming  this  form  of  dormancy  is  to  place  the  seed  between 
layers  of  moist  sand  (hence  the  term  “stratification”),  and  to 
expose  it  to  natural  chilling  during  the  winter.  This  “stratified” 
seed  is  then  normally  ready  to  germinate  with  the  onset  of  warmer 
temperatures  in  the  spring.  At  one  time  it  was  thought  necessary 
that  the  seed  should  be  frozen,  to  rupture  impermeable  coats,  but 
it  is  now  known  that  temperatures  just  above  0°C  (0-5 °C)  are 
usually  more  effective  than  freezing  temperatures ;  moreover, 
many  seeds  which  show  a  chilling  requirement  do  not  have  im- 
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permeable  coats,  e.g.  birch.  The  period  of  chilling  required  varies 
from  3  weeks  to  6  months. 

A  number  of  interesting  variants  of  this  type  of  dormancy  are 
found.  Thus,  in  Viburnum  opulus  and  Quercus  robur  we  find 
‘epicotyl  dormancy’;  in  such  species  the  radicle  is  not  dormant, 
and  the  seed  germinates  on  shedding  in  the  autumn.  However, 
the  epicotyl  shows  a  chilling  requirement,  and  further  develop¬ 
ment  of  the  shoot  is  delayed  until  the  following  spring  (Barton 
and  Crocker,  1948).  Such  species  as  Convallaria  majalis  and 
Polygonatum  commutatum  have  ‘two-year’  seeds,  in  which 
emergence  of  the  radicle  follows  the  first  winter  chilling,  but 
further  development  of  the  plumule  requires  a  second  winter’s 
chilling  (Barton  and  Crocker,  loc.  cit.). 

For  further  information  on  this  type  of  dormancy  the  reader 
is  referred  to  the  book  by  Barton  and  Crocker  (1948)  and  to  the 
recent  article  by  Stokes  (1965). 

(5)  Light  sensitivity.  A  considerable  number  of  seeds  show 
light  sensitivity.  Many  seeds  require  light  for  germination,  while 
others  are  inhibited  by  light.  Examples  of  both  types  of  seed  are 
given  in  Table  7. 


Table  7 

Species  with  seeds  showing  light-sensitivity 


Light  Inhibited : 


Light  promoted : 

Adonis  vernalis 
Beilis  perennis 
Digitalis  purpurea 
Epilobium  hirsutum 
Erodium  cicutarium 
Fagus  sylvatica 
Helianthemum  chamaecistus 
Iris  pseudacorus 


Ailanthus  glandulosa 
Euonymus  japonica 
Forsythia  suspensa 
Hedera  helix 
Nigella  damascena 
Phacelia  tanacetifolia 
Phlox  drummondii 
Tamus  communis 


Juncus  tenuis 
Lactuca  scariola 
Lythrum  salicaria 
Oenothera  biennis 
Ranunculus  sceleratus 
Rumex  crispus 


The  quantity  of  light  required  for  germination  varies  consider¬ 
ably  from  species  to  species,  and  with  temperature  conditions.  In 
some  species,  such  as  Lythrum  salicaria ,  one-tenth  of  a  second  of 
light  is  sufficient  to  stimulate  germination,  whereas  in  others 
several  hours  of  light  may  be  required.  The  seeds  of  some  species 
show  a  light-requirement  when  first  shed,  but  this  gradually 
diminishes  during  storage,  so  that  in  time  they  lose  their  light- 
requirement,  e.g.  lettuce,  Epilobium  angustifolium.  On  the  other 
hand,  seeds  of  Digitalis  purpurea  and  Juncus  spp.  retain  their 
light-requirement  for  long  periods,  and  may  he  dormant  in  the 
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soil  for  many  years  until  they  are  brought  to  the  surface  by 
agricultural  operations. 

In  a  number  of  species,  the  temperature  conditions  profoundly 
modify  the  light  responses.  For  example,  the  seed  of  Epilobium 
hirsutum  is  light  requiring  at  lower  temperatures,  but  will  germin¬ 
ate  in  the  dark  at  higher  temperatures.  The  seed  of  Ranunculus 
sceleratus  requires  both  light  and  alternating  temperatures  for 
germination.  In  Rumex  obtusifolius  alternating  temperatures  may 
replace  the  light-requirement. 

These  light  effects  in  seeds  have  nothing  to  do  with  photo¬ 
synthesis,  but  involve  another  photo-reaction,  in  which  the 
effective  regions  are  the  red  and  near  infra-red  (‘far-red’).  In 
light-promoted  seeds,  red  light  stimulates  germination  and  infra¬ 
red  inhibits.  In  light-inhibited  seeds  it  appears  that  the  inhibitory 
infra-red  effects  predominate,  when  the  seeds  are  exposed  to 
‘mixed’  light,  such  as  daylight. 

Some  seeds  exhibit  a  type  of  photoperiodism,  i.e.  sensitivity  to 
length  of  day.  Thus  at  15  °C,  the  seeds  of  Betula  pubescens 
germinate  much  better  under  long  days  (16  hours  daily  light 
periods)  than  under  short  days  (8  hours  light)  (Black  and  Ware- 
ing,  1955).  Begonia  evansiana  also  has  ‘long-day’  seeds.  By 
contrast,  seeds  of  other  species,  such  as  Tsuga  canadensis  (Stearns 
and  Olson,  1958)  germinate  better  under  short-days  than  under 
long-days. 

Useful  accounts  of  light  sensitivity  in  seeds  are  given  by 
Crocker  (1948),  Mayer  and  Poljakoff-Mayber  (1963)  and 
Evenari  (1965). 

The  causes  of  innate  dormancy 

The  causes  of  innate  dormancy  in  seeds  are  only  incompletely 
understood.  In  some  seeds  there  is  no  doubt  that  dormancy  is 
due  to  some  property  of  the  coats  surrounding  the  embryo  and 
seed,  i.e.  the  testa,  pericarp,  glumes,  etc.  This  is  shown  by  the  fact 
that  removal  or  rupture  of  such  coats  leads  to  germination.  We 
have  already  seen  that  in  some  seeds  dormancy  is  due  to  the  im¬ 
permeability  of  the  seed  to  water,  as  in  the  ‘hard-coated’  seeds  of 
the  Leguminosae.  In  other  cases  dormancy  appears  to  be  due  to 
impermeability  of  the  seed  coats  to  gases,  particularly  to  oxygen ; 
this  appears  to  be  the  case  in  apple  (impermeable  testa  and 
endosperm),  Betula  pubescens  (impermeable  pericarp),  and  Avena 
fatua  (impermeable  glumes).  In  these  cases  the  embryo  itself  is 
not  dormant  and  it  germinates  readily  when  the  coat  is  removed. 
In  other  species,  however,  the  embryo  itself  remains  dormant, 
even  when  all  coats  are  removed,  e.g.  Sorbus  aucuparia,  Fraxinus 
excelsior.  In  such  seeds  the  dormancy  is  usually  removed  by 
chilling. 

The  cause  of  embryo  dormancy  is  not  known,  although  there  is 
some  evidence  that  it  is  due  to  the  presence  of  inhibitory  sub¬ 
stances  (Wareing,  1965).  The  chilling  treatment  appears  to  lead 
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to  the  formation  of  germination  promoters,  possibly  of  the  nature 
of  gibberellins,  which  overcome  the  effect  of  the  inhibitors  (Villiers 
and  Wareing,  1960;  Frankland  and  Wareing,  1962). 

Germination  inhibitors  appear  also  to  be  involved  in  other 
forms  of  dormancy.  The  fruit  of  Sinapis  alba  is  composed  of  2 
valves  and  a  ‘beak’.  The  valves  are  dehiscent  and  the  beak  con¬ 
tains  one  seed  which  remains  enclosed  within  it  on  dispersal.  This 
seed  does  not  germinate  as  long  as  it  is  within  the  beak,  but  when 
taken  out  it  germinates  immediately.  The  valves  and  the  beak 
have  been  shown  to  contain  a  strong  germination  inhibitor,  which 
is  apparently  responsible  for  the  effect  of  the  beak  on  germination 
(Sroelov,  1940). 

It  is  well-known  to  growers  that  seed-balls  of  sugar  beet  ( Beta 
vulgaris)  do  not  germinate  readily,  and  it  has  been  shown  that  the 
fruit  coat  contains  powerful  germination  inhibitors  (Froeschel, 
1940;  Tolman  and  Stout,  1940).  A  similar  example  is  provided 
by  Kochia  indica,  in  which  the  fruits  show  delayed  germination 
if  simply  sown  on  filter  paper,  but  germination  readily  occurs  if 
the  seeds  are  sown  immersed  in  shallow  water. 

A  number  of  other  examples  are  known  in  which  dormancy 
appears  to  involve  specific  germination  inhibitors  (see  Wareing, 
1965). 

induced  dormancy 

The  term  induced  dormancy  is  applied  where  the  seeds  are  not 
originally  innately  dormant,  but  become  so  as  a  result  of  certain 
environmental  conditions.  The  term  ‘secondary  dormancy’  is  also 
sometimes  used  for  such  cases.  Examples  are  provided  by  light- 
inhibited  seeds,  which  may  become  ‘light-hard’,  i.e.  incapable  of 
germinating  in  either  light  or  dark,  if  they  are  exposed  to  light  for 
long  periods.  Other  factors  which  may  bring  about  induced 
dormancy  are  high  temperature,  high  carbon  dioxide  concentra¬ 
tions  and  storage  under  wet  conditions.  The  seed  of  some  species, 
such  as  Xanthium  pennsylvanicum,  is  rendered  dormant  if  it  is 
kept  (under  moist  conditions)  at  high  temperatures  and  low 
oxygen  concentrations.  The  seed  of  charlock  (Sinapis  arvensis) 
and  other  species  can  be  rendered  dormant  by  high  concentrations 
of  carbon  dioxide;  such  seed  then  becomes  incapable  of  germina¬ 
ting  even  under  low  carbon  dioxide  concentrations.  This  form  of 
induced  dormancy  may  be  involved  in  the  case  of  certain  seed 
which  remains  dormant  in  the  soil  for  long  periods  (see  p.  113). 

The  time  and  pattern  of  germination 

We  shall  now  consider  the  time  and  pattern  of  germination  of 
wild  species  under  field  conditions,  and  attempt  to  interpret  the 
phenomena  in  the  light  of  our  knowledge  regarding  the  various 
forms  of  dormancy  described  above. 

Salisbury  (1929)  has  distinguished  four  categories  of  germina¬ 
tion  behaviour,  as  follows : 
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(1)  Quasi- simultaneous  (or  abrupt)  germination,  in  which,  as 
soon  as  germination  begins,  all  the  viable  seeds  tend  to  grow  in  a 
brief  period,  which  may  be  a  few  days,  e.g.  Sagina  procumbens, 
Cheiranthus  cheiri,  Papaver  dubium. 

(2)  Continuous  germination,  in  which  germination  occurs  more 
or  less  uninterruptedly  over  a  period  of  weeks  or  even  months, 
e.g.  Cardamine  impatiens,  Draba  muralis. 

(3)  Intermittent  germination,  in  which  germination  occurs 
irregularly  at  intervals  of  days  or  weeks,  e.g.  Capsella  bursa- 
pastoris,  Sonchus  oleraceus,  Veronica  persica,  etc. 

Seeds  with  hard  coats,  such  as  clover,  Ononis  repens,  and 
Robinia  pseudocacia,  tend  to  show  intermittent  germination  over 
long  periods,  since  the  breakdown  of  the  impervious  layer  of  the 
testa  occurs  irregularly. 

(4)  Periodic  germination.  This  is  a  type  of  germination  in 
which  the  mtermittence  appears  to  be  more  or  less  regular,  with 
peaks  of  germination  especially  in  the  autumn  or  spring,  or  both. 
Such  periodic  germination  may  occur  over  a  period  of  several 
years,  e.g.  Torilis  arvensis  and  Echium  vulgare. 

Periodicity  in  the  germination  of  arable  weeds  was  investigated 
by  Brenchley  and  Warrington  (1930,  1936).  The  method  was  to 
take  borings  from  fields  at  Rothamsted  and  Woburn  which  had 
been  under  permanent  winter  wheat  for  many  years  and  to  place 
the  seed  in  pans  in  an  unheated  greenhouse  (one  house  was  heated 
in  1927)  for  observations  on  the  germination  of  the  weed  seeds 
over  several  years.  The  soil  was  churned  up  every  3  months,  to 
stimulate  further  germination.  Brenchley  and  Warrington  re¬ 
cognized  a  number  of  types  of  germination  behaviour  as  follows : 

(1)  Seeds  showing  periodic  germination  in  the  autumn.  The 
clearest  example  of  this  was  provided  by  Alchemilla  arvensis,  but 
Papaver  rhoeas  and  Veronica  hederifolia  also  showed  a  tendency 
to  autumn  germination. 

(2)  Seeds  which  show  maximum  germination  in  the  second 
winter  (the  experiment  was  started  in  the  autumn  of  1925).  This 
group  included  Anagallis  arvensis,  Bartsia  odontites,  Euphorbia 
exigua,  Medicago  lupulina,  Polygonum  aviculare,  Arenaria 
serpyllifolia.  Some  seeds  showed  two  peaks  per  year,  one  in  the 
autumn  and  one  in  the  spring. 

(3)  Species  not  showing  any  marked  periodicity.  These  in¬ 
cluded  Capsella  bursa-pastoris,  Matricaria  inodora,  Senecio 
vulgaris,  Stellaria  media,  Cerastium  vulgatum,  Poa  annua,  and 
Spergula  arvensis. 

There  have  been  very  few  attempts  to  elucidate  the  types  of 
dormancy  shown  by  weed  seeds  with  periodic  germination,  or  to 
identify  the  environmental  factors  involved.  It  would  seem  very 
probable  that  weed  species  which  normally  germinate  in  the  late 
winter  or  early  spring  have  a  chilling  requirement,  since  such 
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seeds  parallel  in  their  behaviour  that  of  many  woody  plants  in 
which  spring  germination  is  known  to  depend  on  winter  chilling. 
Moreover,  the  need  for  a  chilling  requirement  has  been  demon¬ 
strated  for  Polygonum  spp. 

With  regard  to  the  autumn  germinating  species,  there  is  also 
little  direct  evidence,  but  the  two  species  Aira  praecox  and  Tees- 
dalia  nudicaulis  have  been  studied  in  detail  by  Newman  (1963). 
It  was  found  that  when  first  shed  the  seeds  of  these  two  species 
are  innately  dormant,  but  the  dormancy  gradually  diminishes 
with  storage.  This  progressive  reduction  in  dormancy  is  accom¬ 
panied  by  changes  in  the  temperature  responses  of  the  seeds.  In 
10- week  old  seeds,  a  high  percentage  of  seeds  germinate  within  2 
weeks  at  5CC,  but  at  10  and  15°  germination  is  very  irregular. 
In  16-week  old  seed,  germination  is  now  abrupt  not  only  at  5C 
but  also  at  10  and  15",  and  there  is  prolonged  germination  at 
20  C.  With  seed  59-65  weeks  old,  germination  occurred  abruptly 
at  5  ,  10°,  15°  and  20°C.  Thus,  as  after-npenmg  proceeds,  higher 
and  higher  temperatures  give  abrupt  germination.  By  correlating 
these  laboratory  observations  with  the  natural  temperatures 
Newman  was  able  to  show  that  the  field  temperatures  from 
June  to  September  would  be  too  high  to  permit  any  but  a  pro¬ 
longed  germination  of  a  low  percentage  of  the  seed ;  however,  this 
germination  would  take  more  than  2  weeks  to  commence  and 
hence  would  have  required  at  least  2  weeks  of  continuous  moisture, 
which  was  lacking  under  field  conditions,  and  hence  no  germina¬ 
tion  occurred  in  the  field  during  the  period  June- August.  By 
early  October,  the  seeds  have  after-ripened  further  and  the 
natural  temperatures  have  fallen,  so  that  abrupt  germination  can 
now  occur,  and  hence  the  period  of  continuous  moisture  required 
for  germination  becomes  shorter.  At  this  time  the  periods  for 
which  the  soil  remains  continuously  moist  is,  in  fact,  becoming 
longer.  Hence  the  observed  abrupt  germination  in  the  field  in 
September  and  October  can  be  attributed  to  an  interaction  of  three 
factors,  soil  moisture,  temperature  and  changing  temperature  re¬ 
sponse  of  the  seeds.  Similar  conclusions  were  reached  regarding 
the  germination  of  Teesdalia.  This  work  provides  a  good  example 
of  the  type  of  detailed  study  required  before  we  shall  be  able  to 
understand  the  germination  of  seeds  in  the  field. 

Periodic  germination  of  annual  species  leads  to  the  distinction 
between  winter  annuals  and  summer  annuals.  Winter  annuals 
germinate  in  the  autumn,  although  a  proportion  of  the  seeds  may 
remain  dormant  and  germinate  in  the  following  spring.  The 
majority  of  seedlings  develop  a  rosette  of  leaves  before  the  winter, 
and  they  flower  in  the  spring;  their  fruits  usually  ripen  with  the 
arrival  of  hot,  dry  conditions  and  they  thus  survive  these  con¬ 
ditions  in  the  form  of  dormant  seeds.  Many  short-lived 
ephemerals  of  sand-dunes  and  heaths  are  winter  annuals,  e.g. 
Erophila  verna,  Saxifraga  tridactylites ,  Myosotis  ramosissima, 
Cardamine  hirsuta,  Cerastium  atrovirens,  C.  semidecandrum,  Vida 
lathy roides,  Veronica  agrestis,  and  Valerianella  locusta. 
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It  is  possible  that  many  winter  annuals  initiate  flowers  during 
the  winter  in  response  to  chilling  and  that  they  therefore  require 
vernalizing  for  flower  initiation. 

Summer  annuals,  by  contrast,  have  their  main  germination 
period  in  the  spring  or  early  summer,  and  survive  the  winter  as 
dormant  seeds.  According  to  Salisbury  (1961)  “the  chief  examples 
of  these  are  commonly  natives  of  more  southern  areas,  but  since 
they  can  evade  the  severity  of  our  northern  winters  in  the  seed 
state  they  survive  as  weeds  of  our  disturbed  soils”.  Examples 
are  Euphorbia  peplus,  E.  exigua,  Adonis  annua ,  Anagallis  joemina, 
Impatiens  parvijlora  and  Galeopsis  angustijolia. 

The  factors  regulating  the  germination  of  desert  seeds  were 
found  by  Barton  (1936)  to  be  very  similar  to  those  described  for 
A.  praecox  and  T.  nudicaulis.  The  seeds  of  certain  winter  annuals 
of  desert  regions  require  a  period  of  after-ripening  in  dry  storage. 
They  also  require  relatively  low  temperatures  for  germination. 
The  combination  of  low  temperature  requirement,  together  with 
the  need  for  a  period  of  dry  storage,  prevents  their  germination 
during  the  first  summer  rainy  season,  when  the  lngh  temperatures 
would  kill  the  seedlings.  By  the  time  that  the  winter  rainy 
season  arrives  the  dormancy  has  disappeared  and  the  seeds  are 
able  to  germinate  at  the  lower  temperatures. 

The  factors  determining  the  germination  of  desert  seeds  have 
also  been  studied  in  some  detail  by  Went  and  his  co-workers  for 
the  Mojave  and  Colorado  deserts  in  California  (Went,  1957).  There 
are  two  yearly  ramy  periods  in  these  deserts,  viz.  (1)  the  main 
period  is  the  winter,  when  there  may  be  light  rains  lasting  many 
hours;  (2)  during  July  and  August  there  may  be  heavy  thunder 
showers  of  short  duration.  The  groups  of  species  which  germinate 
following  these  two  rainy  periods  are,  in  general,  quite  distinct. 
The  same  group  are  also  recognizable  in  their  behaviour  in 
laboratory  tests.  When  desert  soil,  adequately  moistened,  is  kept 
in  boxes  in  the  laboratory  at  high  temperatures  (26-30  °C)  the 
summer  annuals  germinate.  The  same  soil  placed  at  low  tempera¬ 
tures  (10  C)  gives  seedlings  exclusively  from  the  winter  annual 
group.  At  intermediate  temperatures  some  from  each  group  may 
germinate,  but  most  seedlings  are  from  a  distinct  intermediate 
group. 

It  seems  clear,  therefore,  that  the  seasonal  differences  in  annual 
vegetation  in  the  desert  are  mainly  due  to  temperature  differences 
after  rains.  However,  in  some  species  it  appears  to  be  the  duration 
and  quantity  of  rain  which  determines  the  time  of  germination. 
Normally  germination  of  desert  seeds  does  not  occur  if  the  rainfall 
is  below  15  mm.  Germination  does  not  even  occur  in  the  moist 
soil  along  streams  unless  there  is  adequate  rain,  although  the  soil 
in  these  latter  areas  would  appear  to  be  sufficiently  moist  for 
germination.  Laboratory  tests  with  desert  soil  in  boxes  confirmed 
that  moisture  alone  does  not  permit  germination,  but  artificial 
rain  of  20  mm  or  more  leads  to  profuse  germination.  Evidence 
was  obtained  that  the  coats  of  some  desert  species  contain 
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germination  inhibitors,  and  that  adequate  rain  is  necessary  to 
wash  out  these  inhibitors  before  germination  can  occur. 

Factors  determining  the  dormancy  of  buried  seeds 

The  longevity  of  seeds  varies  greatly  from  a  few  days  in  Salix 
to  50  years  or  more  in  some  species.  Several  long-term  experi¬ 
ments  have  been  set  up  to  determine  the  life-span  of  the  seeds  of 
various  species,  and  it  was  found  that  some  species,  including 
Rumex  crispus,  Brassica  nigra  and  Oenothera  biennis,  could  still 
germinate  after  50  years.  Studies  on  storage  conditions  lavouring 
the  retention  of  viability  have  shown  that  in  most  species  a 
relatively  low  water  content,  associated  with  cool  storage  tempera¬ 
tures,  are  the  most  favourable  conditions  (see  Barton,  1961).  It 
is  surprising,  therefore,  that  there  is  good  evidence  that  many 
seeds  retain  their  viability  for  long  periods  when  buried  in  the 
soil,  although  under  field  conditions  the  soil  will  frequently  be 
moist  and  the  seeds  fully  imbibed  with  water.  There  are  several 
well-authenticated  reports  of  seeds  of  arable  weeds  appearing  after 
the  ploughing  of  old  pasture  or  the  felling  and  ploughing  of  wood¬ 
land,  where  there  was  good  reason  to  believe  that  the  seeds  had 
lain  dormant  in  the  soil  for  50  years  or  more  (Thurston,  1960).  It 
would  seem  that  certain  seeds  retain  their  viability  even  longer 
when  buried  in  moist  soil  than  when  kept  in  dry  storage.  These 
observations  raise  a  number  of  highly  interesting  problems. 

Firstly,  why  do  such  seeds  remain  dormant  in  the  soil — what  is 
preventing  their  germination  and  what  makes  them  germinate 
when  the  soil  is  disturbed?  It  is  commonly  held  that  dormancy 
of  seeds  in  the  soil  is  due  to  high  carbon  dioxide  concentrations  in 
the  soil  air,  arising  from  the  respiration  of  soil  micro-organisms.  It 
is  known  that  carbon  dioxide  will  inhibit  the  germination  of  seeds, 
but  usually  this  is  only  at  rather  high  carbon  dioxide  concentra¬ 
tions  (see  Lang,  1965).  With  some  seeds  this  carbon  dioxide 
effect  is  a  form  of  ‘imposed  dormancy’  since  the  seeds  only  remain 
dormant  so  long  as  the  high  carbon  dioxide  concertation  is  main¬ 
tained  and  they  readily  germinate  when  transferred  to  normal  air. 
Seeds  of  Sinapis  alba  enter  a  state  of  induced  or  secondary  dor¬ 
mancy,  however,  and  will  not  germinate  on  transfer  to  air,  unless 
they  are  dried  and  re-wetted. 

It  is  not  clear  how  far  these  carbon  dioxide  effects  are  import¬ 
ant  in  the  dormancy  of  buried  seeds  under  field  conditions,  since 
the  carbon  dioxide  concentrations  required  to  inhibit  the  germina¬ 
tion  of  most  species  is  higher  than  is  likely  to  occur  naturally  in 
the  soil.  However,  Kidd  (1914)  showed  that  Sinapis  alba  seeds 
could  be  inhibited  in  the  soil  under  natural  conditions  by  carbon 
dioxide  arising  from  decaying  plant  matter.  Bibby  (1948)  showed 
that  Brassica  juncea,  which  germinates  readily  in  relatively  deep 
soil,  was  little  affected  by  a  carbon  dioxide  concentration  of  16%, 
whereas  B.  arvensis,  which  does  not  germinate  in  similar  depths, 
was  very  strongly  inhibited. 
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There  is  some  evidence  that  the  longevity  of  buried  seeds  is 
favoured  by  acid  or  water-logged  conditions  (Cliampness  and 
Morris,  1948). 

Darkness  is  another  factor  regulating  the  dormancy  of  buried 
seeds  of  some  species.  Thus,  it  is  well-known  that  seedlings  of 
Digitalis  purpurea  and  various  species  of  J uncus  may  appear  after 
the  soil  has  been  disturbed,  and  these  seeds  are  known  to  require 
light  for  germination.  Moreover,  recent  studies  by  Mr.  G.  Wesson 
at  Aberystwyth  on  the  germination  of  seeds  following  disturbance 
has  shown  that,  with  the  majority  of  species  so  far  studied,  light 
is  evidently  the  controlling  factor,  since  if  the  seed  is  kept  in  pans 
in  darkness,  germination  does  not  occur,  whereas  it  readily  does 
so  in  the  light.  Among  the  species  he  has  so  far  shown  to  be 
controlled  by  light  are  Polygonum  aviculare,  P.  persicaria,  Stellaria 
media,  Veronica  persica,  Spergula  arvensis,  Hieracium  spp.  On 
the  other  hand,  light  does  not  appear  to  be  the  controlling  factor 
with  seeds  of  Sinapis  arvensis  and  various  grasses. 

Taxonomy  and  seed  dormancy 

Except  in  very  broad  terms,  it  is  difficult  to  correlate  dormancy 
behaviour  with  taxonomic  relationships.  We  have  seen  that 
hard-coated  seeds  are  common  in  certain  families  (p.  105). 
Similarly,  a  chilling  requirement  is  very  common  in  woody  mem¬ 
bers  of  the  Rosaceae,  the  Fagaceae  and  in  conifers.  However,  the 
examples  given  in  Table  6  of  species  showing  a  chilling  require¬ 
ment  indicate  that  this  characteristic  occurs  in  species  belonging 
to  a  wide  range  of  families.  Moreover,  even  within  a  single  genus, 
some  species  may  show  a  chilling  requirement  and  others  not,  e.g. 
in  Acer,  Fraxinus  and  Quercus.  Again,  the  seeds  of  all  members 
of  the  Gesneriaceae  appear  to  be  light-requiring,  but  light- 
sensitivity  does  not  appear  otherwise  to  be  correlated  with 
taxonomic  relationships. 

Since  certain  forms  of  dormancy  probably  have  adaptive  value, 
we  should  perhaps  expect  dormancy  responses  to  be  related  more 
to  ecological  conditions  than  to  taxonomy,  and  indeed  this  appears 
to  be  the  case.  Thus,  a  study  of  the  chilling  requirements  in  a 
range  of  provenances  of  Fraxinus  excelsior  in  Russia  showed  that 
the  southern  forms  require  a  shorter  period  of  chilling  than 
northern  forms  (Varasova,  1956),  and  this  difference  is  probably 
to  be  related  to  the  shorter  winters  in  the  south.  A  similar 
difference  in  chilling  requirement  has  been  shown  for  northern 
and  southern  provenances  of  Tsuga  canadensis  in  North  America 
(Stearns  and  Olson,  1958).  On  the  other  hand,  a  study  of  the 
dormancy  of  seed  of  several  species  of  Acer  from  various  localities 
in  Russia  revealed  no  clear  correlation  with  climatic  conditions 
(Yudin,  1962). 

Justice  (1944)  found  considerable  variation  between  species  of 
Polygonum  in  their  chilling  requirements.  He  also  found  variation 
within  single  species;  thus  of  two  provenances  of  P.  coccineum, 
one  had  hard  seeds  which  did  not  germinate  without  chilling,  while 
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the  seeds  of  the  other  were  entirely  non-dormant.  He  also  found 
that  seeds  of  P.  hydropiperoides  from  three  different  localities 
showed  consistent  differences  in  their  chilling  requirements 
(Justice,  1941).  Similar  differences  have  recently  been  shown  for 
10  samples  of  seed  of  P.  aviculare  from  different  localities  in 
Britain,  Denmark,  Sweden  and  the  Netherlands.  However, 
Hammerton  (1964)  was  unable  to  correlate  the  respective  chilling 
requirements  with  the  winter  climatic  conditions  in  the  respective 
localities  of  origin. 

Harper  and  McNaughton  (1960)  studied  seed  dormancy  in 
several  species  of  Papaver  and  of  their  hybrids.  They  found  that 
the  inter-specific  hybrids  tended  to  be  less  dormant  than  the 
parental  species.  The  dormancy  of  the  seed  appeared  to  be 
determined  primarily  by  the  genotype  of  the  embryo. 

Seed  “Polymorphism” 

Harper  (1965)  has  drawn  attention  to  the  importance  of  “poly¬ 
morphism”  in  the  seed  of  weed  species,  which  has  been  described 
by  Salisbury  (1942)  for  a  number  of  species.  Polymorphism  is 
particularly  common  in  the  Chenopodiaceae,  Cruciferae  and 
Compositae.  In  several  cases  the  morphologically  different  types 
of  seed  differ  also  in  the  germination  requirements.  Thus,  seed  of 
Spergula  arvensis  is  of  two  types  (viz.  smooth  seeds  and  seeds  with 
thin- walled  tubercles),  which  differ  in  their  germination  responses 
at  different  temperatures  (New,  1958). 

In  Chenopodium  album  the  seeds  may  be  black  or  pale  browm, 
and  the  surface  may  be  smooth  or  reticulate,  giving  4  possible 
types  of  seed,  which  may  be  all  found  in  the  same  plant  (Williams, 
cited  by  Harper,  1965).  Brown  seeds  are  non-dormant  and  readily 
germinate  at  20  C.  Reticulate  black  seeds  also  germinate 
readily,  but  the  germination  percentage  is  increased  by  nitrate. 
Smooth  black  seeds,  on  the  other  hand,  give  only  33  %  germination 
at  20  °C,  but  this  is  increased  to  61%  by  precluding  and  to  90% 
by  addition  of  nitrate. 

More  complex  examples  of  seed  polymorphism  are  found  in 
Rumex  crispus  and  R.  obtusifolius,  in  which  there  are  considerable 
differences  between  the  germination  responses  to  temperature  of 
seed  from  different  plants,  and  between  seeds  borne  on  different 
parts  of  the  same  parent  plant  (Cavers,  cited  by  Harper,  1965). 
“Populations  of  Rumex  species  produce  seed  with  a  range  of 
different  physiological  requirements  for  germination,  and  thus  a 
range  of  potential  ecologies”  (Harper,  1965). 

General  ecological  significance  of  seed  dormancy 

Although  it  is  difficult  to  give  precise  figures,  it  appears  that 
innate  dormancy  is  more  common  among  wild  species  than  in 
cultivated  plants.  This  has  been  shown  for  species  of  Papaver  by 
comparison  between  wild  and  cultivated  forms  (Harper  and 
McNaughton,  1960).  Again,  the  ‘seed  balls’  of  wild  sugar  beet 
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contain  greater  amounts  of  inhibitor  than  the  cultivated  varieties 
(Harper,  pers.  comm.).  It  seems  likely,  therefore,  that  in  breeding 
crop  plants,  man  has  selected  for  rapid  germination  after  harvest¬ 
ing  and  has  thereby  bred  out  the  dormancy  mechanism  in  many 
cultivated  species.  Nevertheless,  even  crop  plants  of  such  ancient 
origin  as  the  cereals,  wheat,  oats,  barley  and  rye,  still  show  the 
need  for  after-ripening  in  dry  storage. 

The  widespread  occurrence  of  dormancy  mechanisms  leaves 
little  doubt  that  they  have  some  adaptive  significance,  and  a 
number  of  examples  have  already  been  given  in  the  foregoing 
discussion.  It  remains,  therefore,  only  to  summarize  in  general 
terms  the  ecological  importance  of  the  main  forms  of  dormancy. 

It  is  clear  that  the  period  of  germination  (viz.  whether  abrupt, 
continuous,  intermittent,  etc.)  which  is  most  advantageous  will 
depend  upon  the  general  ecological  conditions.  Clearly  it  is 
important  that  in  desert  ephemerals,  which  must  complete  their 
life-cycle  in  a  very  short  period,  germination  should  be  abrupt.  In 
temperate  climates,  on  the  other  hand,  intermittent  germination 
may  have  certain  advantages  in  that  there  is  less  danger  of  com¬ 
plete  extinction  of  all  seedlings  due  to  some  particular  hazard, 
such  as  an  exceptionally  hard  winter  or  fire.  The  presence  of  hard 
seed  coats  frequently  leads  to  intermittent  germination,  over  many 
years  in  some  species,  since  the  breakdown  of  the  impermeable 
testa  in  the  soil  must  proceed  at  different  rates  in  any  crop  of 
seeds.  The  polymorphism  of  the  seeds  of  some  species  also 
results  in  germination  at  different  times  of  the  year.  The  general 
ecological  significance  of  seed  polymorphism  has  been  discussed 
by  Harper  (1965). 

Other  dormancy  mechanisms  appear  to  ensure  that  germina¬ 
tion  does  not  occur  until  certain  climatic  hazards,  such  as  drought 
or  winter  cold,  are  passed.  The  importance  of  an  after-ripening 
period,  in  delaying  premature  germination  in  dry  habitats  has 
already  been  mentioned  for  annuals  such  as  Teesdalia  and  Aira, 
and  for  desert  plants  (p.  112).  The  significance  of  a  requirement 
for  a  period  of  winter-chilling  to  overcome  dormancy  seems  very 
clear,  since  it  ensures  that  germination  does  not  occur  until  the 
main  period  of  winter  frosts  with  their  danger  to  tender, 
germinating  seedlings,  is  passed.  The  special  interest  of  this 
dormancy  mechanism  lies  in  the  fact  that  the  very  condition  which 
constitutes  the  hazard  for  germinating  seedlings,  viz.  winter-cold, 
is  actually  the  condition  which  removes  the  dormancy.  Thus, 
synchronization  between  environmental  conditions  and  the 
appropriate  developmental  phase  of  the  plant  is  ensured.  The 
adaptive  value  of  the  chilling  requirement  is  further  indicated  by 
the  differences  between  southern  and  northern  provenances  of 
Fraxinus  excelsior  and  Tsuga  canadensis  in  the  length  of  the 
required  chilling  period,  and  its  correlation  with  the  length  of 
the  winter  in  the  respective  localities  (p.  114).  It  is  more  difficult 
to  see  what  adaptive  value  arises  from  light-sensitivity  in  seeds. 
It  is  true  that  light -inhibition  may  ensure  that  germination  does 
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not  occur  until  the  seeds  have  become  buried  in  the  soil,  but  on 
the  other  hand,  the  more  frequent  light -requirement  means  that 
germination  can  only  occur  on  the  soil  surface.  Since  the  quantita¬ 
tive  requirements  of  most  light-promoted  seeds  are  quite  low, 
and  may  be  met  by  only  a  few  minutes,  or  even  seconds,  of  light, 
it  seems  very  unlikely  that  this  light-requirement  is  ever  a  limiting 
factor  in  germination  where  seeds  occur  at  the  soil  surface,  even  in 
quite  heavily-shaded  habitats.  Nevertheless,  the  observations  that 
the  clearing  of  woodland  may  result  in  heavy  germination  of 
Digitalis  purpurea ,  a  light-promoted  seed,  suggests  that  in  this 
species  the  light  conditions  in  dense  woodland  are  insufficient  for 
its  germination.  Thus,  although  it  is  difficult  to  see  any  very 
marked  adaptive  value  in  light-sensitivity,  its  ecological  import¬ 
ance  is  without  question,  especially  in  the  germination  of  weed 
seeds  following  agricultural  disturbance  of  the  soil. 

Dormancy  and  germination  requirements  as  possible  factors  in  species 
distribution. 

It  is  pertinent  to  ask  how  far  special  requirements  for  the 
overcoming  of  dormancy  and  germination  are  of  importance  in 
determining  the  distribution  of  a  species.  This  is  a  question  on 
which  very  little  information  is  available.  It  is  clear,  for  example, 
that  a  species  with  a  chilling-requirement  for  germination  will  not 
be  able  to  establish  itself  in  a  region  with  very  mild  winters,  but 
it  would  be  difficult  to  demonstrate  that  this  is  the  primary  reason 
for  the  absence  of  the  species  from  such  a  region. 

Other  species  have  rather  specific  temperature  requirements 
for  germination  (as  distinct  from  the  removal  of  dormancy),  and 
it  is  conceivable  that  these  requirements  may  limit  the  distribu¬ 
tion  of  a  given  species.  Thus  some  rock  plants,  such  as  Lewisia 
rediviva,  will  only  germinate  at  temperatures  around  0°C. 
Similarly,  it  has  been  shown  that  Poa  scabrella  and  P.  bulbosa  will 
only  germinate  at  3*5 °C,  or  6°C  by  day  and  3-5 °C  by  night 
(Juhren  et  al.,  1953).  It  is  clear  that  such  narrow  temperature 
requirements  will  constitute  the  limiting  factors  in  the  distribution 
of  the  species. 

Special  moisture  requirements  for  germination  may  be  import¬ 
ant  in  restricting  species  to  specific  habitats.  Thus,  the  seeds  of 
willow  rapidly  lose  viability  on  drying  at  ordinary  temperatures, 
and  this  may  partly  account  for  the  fact  that  certain  species  of 
willow  are  restricted  to  habitats  in  which  very  moist  soil  conditions 
prevail.  Acorns  are  also  sensitive  to  drying,  and  this  may  well 
be  important  in  the  establishment  of  oak  species  in  certain  regions. 

Soil  mineral  nutrient  conditions  do  not  generally  appear  to 
affect  germination  markedly,  but  it  is  reported  that  seeds  of 
Hypericum  perforatum  do  not  germinate  in  soils  containing  more 
than  traces  of  calcium. 

The  germination  of  some  species  is  inhibited  by  saline  con¬ 
ditions,  especially  by  sodium  chloride,  and  this  will  no  doubt  be 
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important  in  salt  marshes  and  other  saline  soils.  The  seed  of 
halophytic  species  can  germinate  under  such  conditions,  but  the 
majority  germinate  equally  well  in  non-saline  conditions.  How¬ 
ever,  the  seed  of  some  halophytes,  such  as  Atriplex  halimus, 
germinates  better  in  the  presence  of  low  concentrations  of  salt. 
Instances  are  known  where  submergence  of  seeds  in  water,  fol¬ 
lowed  by  exposure  to  air,  promotes  germination.  Seeds  of 
Heliotropium  supinum  and  Mollugo  hirta  will  germinate  only  if 
they  are  buried  in  wet  mud  for  a  certain  period  of  time,  and  then 
exposed  to  air.  Both  those  species  occur  in  the  drying  pools  and 
puddles  which  form  following  monsoon  rains  (Mayer  and 
Poljakoff-Mayber,  1963). 

Conclusions 

It  will  be  apparent  from  the  foregoing  account  that  our  know¬ 
ledge  regarding  the  ecological  aspects  of  dormancy  and 
germination  is  still  very  fragmentary.  There  is  a  great  need  for 
studies  undertaken  from  an  ecological  standpoint,  since  much  of 
the  information  obtained  from  physiological  studies  under 
laboratory  conditions  cannot  be  applied  directly  to  field  con¬ 
ditions.  There  is  evidence  of  increasing  interest  in  the  subject, 
especially  in  relation  to  weed  seeds,  but  problems  of  germination 
and  dormancy  are  clearly  of  paramount  importance  in  the  estab¬ 
lishment  of  any  species,  and  are,  therefore,  of  direct  concern  to 
the  ecologist. 
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Discussion 

Prof.  Valentine  asked  whether  there  had  been  any  ecological  surveys 
of  dormancy,  especially  with  regard  to  desert  plants. 

Prof.  Wareing  replied  that  there  were  several.  Those  on  desert  com¬ 
munities  he  had  referred  to  in  his  paper,  and  Went’s  work  was  well- 
known.  Some  studies  on  arable  weeds  had  also  been  made,  as  for  in¬ 
stance  by  Brenchley  and  Warrington.  Unfortunately  there  was  not 
enough  physiological  knowledge  available  at  that  time. 

Prof.  Harper  said  that  he  had  come  across  many  instances  of  poly¬ 
morphism  in  the  germination  of  seeds.  Among  weeds,  particularly, 
germination  was  non-uniform.  In  certain  plants  of  the  family  Compositae 
( Calendula  for  instance)  the  seeds  of  ray  and  disc  florets  had  different 
germination  requirements.  In  Spergula  arvensis  the  seed  from  plants 
with  tubercles  had  different  germination  requirements  from  plants  with  no 
tubercles.  Also  in  Chenopodium  album  the  reticulate  seeds  germinated 
differently  from  the  non-reticulate  ones.  He  had  also  come  across 
germination  polymorphism  in  seeds  gathered  from  particular  samples  of 
plants,  e.g.  Rumex  crispus  and  R.  obtusifolius,  with  different  temperature 
and  light  requirements  for  germination.  The  bulking  of  seed  samples 
obscures  this,  so  that  people  working  on  germination  should  realise  that 
a  species  does  not  have  a  single  requirement  but  is  highly  variable.  This 
obviously  has  enormous  ecological  significance. 
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Prof.  Wareing  agreed  that  germination  polymorphism  was  common 
among  plants  in  nature,  securing  germination  over  a  longer  period  and  in 
fluctuating  conditions.  It  was  therefore  an  adaptive  mechanism  for  sur¬ 
vival  in  the  wild.  He  also  pointed  out  that  in  some  cases  the  adaptive 
significance  of  germination  requirements  were  obscure;  for  instance  the 
l/10th  second  of  light  required  by  Ly thrum  salicaria  is  difficult  to 
interpret. 
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REPRODUCTIVE  CAPACITY  IN  THE  STUDY  OF  EVOLUTIONARY 

PROCESSES 

•Jack  L.  Crosby 

(Botany  Department,  University  of  Durham) 


Introduction 

In  the  sixth  edition  of  “The  Origin  of  Species”,  discussing  the 
struggle  for  existence,  Darwin  wrote  “I  have  called  this  principle 
...  by  the  term  Natural  Selection.  .  .  .  But  the  expression  often 
used  by  Mr.  Herbert  Spencer  of  the  Survival  of  the  Fittest  is  more 
accurate”. 

It  could  hardly  be  less  accurate,  since  in  Darwin’s  context  we 
can  only  define  fitness  as  the  ability  to  survive.  But  from  an 
evolutionary  view,  ability  to  survive  is  not  enough.  Apart  from 
a  few  special  exceptions  (such  as  may  be  found  in  some  social 
insects),  no  organism  will  have  any  evolutionary  effect  unless  it 
manages  to  reproduce;  as  a  generalisation,  we  may  say  that 
evolutionary  fitness  of  an  organism  can  be  measured  in  principle 
by  the  extent  to  which  its  genes  appear  in  future  generations,  and 
this  depends  on  its  reproductive  capacity. 

Reproductive  capacity 

Any  theoretical  consideration  of  an  evolutionary  process  must 
therefore  consider  as  one  of  its  fundamentals  reproductive 
capacity,  which  might  seem  to  be  a  simple  and  obvious  concept; 
but  this  is  far  from  being  true.  Even  when  we  feel  clear  in  our 
own  minds  what  we  mean  by  the  term,  the  difficulties  in  estimat¬ 
ing  it  in  any  real  situation  are  considerable,  and  we  may  be  able 
to  do  little  better  than  guess — the  exact  value  of  the  guess  often 
being  dictated  by  mathematical  expediency. 

In  the  first  place,  we  might  think  of  reproductive  capacity  as 
being  measured  by  the  production  of  seeds  or  vegetative  propa- 
gules.  (To  simplify  this  discussion,  it  will  henceforth  be  limited 
to  sexual  reproduction  of  flowering  plants). 

Effective  reproduction  is  not  just  a  matter  of  seed  production 
— it  involves  germination  and  development  to  maturity  of  the 
next  generation.  The  primrose  ( Primula  vulgaris)  provides  an 
example  by  which  this  may  be  illustrated. 

An  average  primrose  plant  may  produce  something  of  the 
order  of  five  hundred  ovules  per  annum,  and  most  of  these  will 
be  fertilized.  It  has  the  habit,  after  fertilization,  of  tucking  its 
capsules  under  its  leaves  and  close  to  the  ground — which  is  about 
the  worst  possible  place  in  which  to  ripen  capsules.  The  develop¬ 
ing  and  mature  capsules  often  rot,  or  are  eaten  by  mice  or  voles 
or  slugs. 
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The  surviving  seeds  are  dispersed  by  ants,  and  usually  end  up 
in  a  position  suitable  for  germination  (though  for  many  species, 
especially  those  with  wide  seed  dispersal,  many  seeds  will  often 
end  up  in  quite  unsuitable  places).  Germination  is  quite  good, 
and  many  seedlings  may  be  produced.  But  seedling  death  rate 
is  extremely  high  (though  the  causes  are  not  clear),  and  only  a 
very  small  proportion  of  seedlings  ever  develop  to  maturity.  Those 
which  do  are  the  only  ones  which  can  have  any  evolutionary  role. 

The  primrose  in  fact  has  a  low  reproductive  capacity,  and 
this  explains  why  it  cannot  maintain  itself  easily  in  districts 
where  it  is  liable  to  uprooting  or  extensive  flower  picking,  to  which 
its  near  extinction  on  the  Chiltern  Hills  bears  witness. 

Its  close  relative,  the  cowslip  (P.  veris ),  presents  rather  a 
different  picture.  Ovule  production  is  very  roughly  the  same  for 
the  two  species,  but  a  much  higher  proportion  of  cowslip  seeds 
are  successfully  shed  because  the  ripening  capsules  are  borne  erect 
and  clear  of  the  ground.  Germination  is  good,  and  the  establish¬ 
ment  of  young  plants  from  seedlings  is  much  higher  than  in  the 
case  of  the  primrose.  The  annual  reproductive  capacity  of  the 
cowslip  is  therefore  considerably  greater  than  that  of  the  prim¬ 
rose.  To  some  extent,  but  not  entirely,  this  is  offset  by  the 
apparently  longer  life-span  of  the  primrose. 

The  cowslip  often  grows  in  situations,  for  example  pastures, 
which  are  liable  to  sudden  disaster  such  as  ploughing.  But  the 
reproductive  capacity  of  the  cowslip  usually  seems  to  be  quite 
adequate  for  the  species  to  be  able  to  deal  with  such  calamities, 
and,  in  contrast  to  the  primrose,  the  impression  which  I  have  of 
the  cowslip  is  of  a  plant  well  able  to  hold  its  own. 

If  we  limit  our  concept  of  reproductive  capacity  to  seed  pro¬ 
duction,  any  absolute  value  would  have  to  be  in  terms  of  ultimate 
viability,  and  this  must  usually  be  very  difficult  to  estimate.  Even 
if  we  use  seed  production  only  as  a  relative  measure  of  reproduc¬ 
tive  capacity,  we  should  have  to  use  great  caution,  not  only  for 
the  reasons  implied  in  the  foregoing  discussion  of  the  two  Primula 
species,  but  also  because  the  proportion  of  seeds  which  will  be 
ultimately  viable  may  vary  considerably  in  different  habitats  and 
from  one  season  to  another. 

We  cannot,  however,  limit  reproductive  capacity  in  this  way, 
because  a  plant  will  leave  descendants  through  its  pollen  as  well 
as  through  its  seeds.  Nor,  for  any  individual  plant,  is  there  any 
necessary  connection  between  its  capacity  for  reproduction 
through  ovules  and  that  through  pollen ;  some  plants  are  dioecious. 

While  pollen  production  of  a  plant  may  be  relatively  easy  to 
estimate,  estimation  of  its  effectiveness  in  terms  of  ultimate 
viability  may  be  much  more  difficult  even  than  in  the  case  of 
ovules.  There  are  many  ways  in  which  pollen  can  go  astray  and 
fail  to  reach  a  stigma,  and  effectiveness  of  pollinating  mechanisms 
is  one  of  the  factors  which  has  to  be  taken  into  consideration. 
This  may  vary  widely,  in  the  same  species,  from  one  habitat  to 
another ;  it  may  depend  to  a  great  extent  upon  climatic  conditions 
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and,  in  the  case  of  entomophilous  plants,  upon  the  availability  and 
behaviour  of  the  relevant  insects. 

There  are  some  situations  in  which  the  relationship  between 
pollen  reproductive  capacity  and  evolutionary  effect  is  subtle  and 
complicated.  Pollen  which  effects  fertilization  but  which  for  some 
inherent  reason  fails  to  produce  fully  functional  descendants,  may 
sometimes  have  as  much  evolutionary  significance  as  pollen  which 
succeeds. 

Reproductive  capacity  in  hybridizing  populations 

Consider  a  situation  in  which  an  outbreeding  species  is  extend¬ 
ing  its  range,  and  in  the  course  of  this  extension  it  reaches  the 
territory  of  another  closely  related  and  ecologically  similar  out- 
breeding  species,  or  perhaps  sub-species,  from  which  it  is  not  yet 
effectively  genetically  isolated.  Suppose  that  the  two  intercross 
freely,  but  that  the  hybrids  have  some  degree  of  sterility  or  im¬ 
paired  viability  which  more  than  offsets  any  possible  advantage 
which  might  come  from  the  creation  of  new  and  possibly  adaptive 
variability  in  any  hybrid  swarm  which  may  arise. 

Under  what  conditions  can  the  invading  species  continue  its 
extension  and  establish  itself  in  the  territory  of  the  other? 

In  a  situation  of  this  kind  the  invading  species  is  usually  in  a 
minority,  and,  other  things  being  equal,  is  then  always  at  a 
reproductive  disadvantage,  which  it  can  only  overcome  by  some 
evolutionary  action.  If  the  two  species  are  readily  cross- 
pollinated,  then  the  one  which  is  in  the  minority  is  more  likely  to 
be  pollinated  by  pollen  from  the  other  species  than  from  its  own ; 
while  for  the  majority  type  the  reverse  is  true.  This  means  that 
the  seed  set  by  the  invading  species  will  produce  a  much  higher 
proportion  of  plants  of  low  fertility  or  viability;  that  is,  its  ulti¬ 
mate  reproductive  capacity  will  be  seriously  impaired  by  contact 
with  the  species  already  in  occupation. 

Generalising,  we  may  say  that  the  reproductive  capacity  of  a 
plant  may  depend  on  the  genetic  environment  in  which  it  finds 
itself. 

This  means  that  when  two  species  or  sub-species,  related  in  the 
way  in  which  has  been  assumed,  come  into  contact,  the  zone  of 
contact  and  hybridization  is  likely  to  remain  narrow  for  a  con¬ 
siderable  time  (though  it  may  move),  since  any  plants  on  the 
“wrong"  side  of  the  boundary  will  tend  to  set  a  high  proportion 
of  hybrid  seed.  The  disadvantage  of  hybridization  does  not  have 
to  be  very  great  for  this  to  be  true.  A  well-known  example  from 
birds  is  the  narrow  but  mobile  hybridization  zone  of  the  hooded 
and  carrion  crows,  which  will  be  familiar  to  ornithologists  who 
have,  for  example,  been  in  N.W.  Scotland. 

This  situation  of  two  hybridizing  but  partially  intersterile  sub¬ 
species  in  contact  is  one  which  I  am  studying  by  using  computer 
simulation  techniques  of  the  kind  described  in  Crosby  (1963).  In 
general,  the  model  populations  within  the  computer  are  in  simple 
contact  initially,  with  no  overlapping  of  the  two  subspecies. 
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However,  one  computer  run  was  made  to  test  the  effect  of  a  sub¬ 
stantial  initial  overlap.  At  the  beginning,  there  was  extensive 
hybridization  in  the  zone  of  overlap,  leading  to  a  drastically 
reduced  reproductive  capacity  in  that  area,  which  as  a  consequence 
became  largely  depopulated.  As  non-hybrid  plants  from  either 
side  moved  by  seed  dispersal  into  the  zone  of  overlap  and 
hybridization,  this  contracted,  and  after  ten  generations  there 
was  practically  no  overlap  and  the  situation  was  essentially  one 
of  simple  contact,  as  if  there  had  never  been  any  overlap  at  the 
beginning. 

We  can  conclude  that,  apart  from  the  possibility  of  a  slow 
movement  of  the  interface,  our  invading  species  will  only  be  able 
to  establish  itself  and  continue  its  extension  if  it  can  by  evolu¬ 
tionary  action  come  to  avoid  hybridization  with  the  resident 
species.  It  may  for  example  develop  a  difference  in  flowering 
time  or  an  adaptation  to  different  pollinators,  so  reducing  the 
possibility  of  cross-pollination.  What  would  be  happening  would 
be  an  evolutionary  improvement  in  the  reproductive  capacity  of 
the  invading  species  through  the  selection  of  genes  which  allow 
it  to  reproduce  in  a  more  favourable  genetic  environment;  that 
is,  an  environment  which  contains  more  pollen  of  its  own  genotype 
and  less  of  that  of  its  rival. 

The  idea  that  the  rate  of  specific  differentiation  may  be 
enhanced  when  sub-species  meet,  because  of  the  resulting  stimulus 
to  the  selection  of  barriers  to  inter-crossing,  is  a  familiar  one,  first 
discussed  in  detail  by  Dobzhansky  (1940). 

But  the  development  of  reproductive  isolation,  which  is  a 
purely  defensive  mechanism,  may  not  be  enough.  The  invading 
species  still  has  to  be  able  to  compete  vegetatively  with  the  species 
in  possession,  and  its  spread  could  well  be  stopped  or  considerably 
slowed  down  if  it  were  unable  to  do  this  successfully. 

Competition  between  species,  however,  need  not  be  entirely 
vegetative.  In  our  hypothetical  case,  before  the  development  of 
reproductive  isolation,  we  might  consider  that  the  resident  species 
was  defending  itself  by  reproductive  action  in  the  form  of 
hybridization.  If  defensive  reproductive  action  is  possible,  there 
seems  to  be  no  reason  why  aggressive  reproductive  action  should 
not  also  be  possible,  and  that  hybridization  could  be  a  weapon  of 
attack  as  well  as  defence. 

This  possibility  was  suggested  by  Christy  (1922),  who  ex¬ 
pressed  his  “belief  that  the  primrose  is  slowly  hybridizing  the 
oxlip  [ P .  elatior ]  out  of  existence  in  this  country”.  But  even  if 
we  accept  his  conclusions,  his  tentative  explanation  was  based 
on  ecological  grounds  and  not  genetical  ones. 

We  have  to  consider  whether  genetical  changes  in  a  species 
can  not  only  enhance  its  own  reproductive  capacity,  but  can  at 
the  same  time  impair  the  reproductive  capacity  of  a  species  with 
which  it  is  in  competition,  using  the  term  “species”  for  the  moment 
in  a  broad  sense,  to  avoid  circumlocution. 
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Reproductive  aggression  through  the  breeding  system 

One  obvious  way  in  which  an  outbreeding  species  can  avoid 
pollination  by  another  is  by  changing  its  breeding  system  to  one 
of  self-fertilization. 

The  evolutionary  significance  of  change  from  outbreeding  to 
inbreeding  has  been  pointed  out  a  number  of  times,  with  reference 
to  the  movement  of  plant  species  into  new  regions. 

Baker  (1953)  in  discussing  the  extension  of  range  of  a  species 
pointed  out  that  where  isolated  plants  reached  new  territories, 
they  would  not  be  able  to  reproduce  if  they  w^ere  self-incompatible. 
Species  that  are  normally  self-incompatible  might  spread  most 
effectively  through  occasional  forms  capable  of  self-fertilization, 
and  such  a  species  might  come  to  be  represented  by  self-compatible 
races  at  the  limits  of  its  range. 

Mather  (1943)  pointed  out  that  the  genetic  variability  of  an 
outbreeding  species  could  only  be  slowly  realised  while  the  species 
remained  outbreeding,  since  it  would  tend  to  lack  phenotypic 
expression.  A  switch  to  inbreeding  would  release  this  variability 
and  make  it  available  for  selection.  Crosby  (1954)  suggested 
that  this  would  be  particularly  valuable  to  a  species  colonizing 
new  territories  with  a  variety  of  possible  habitats. 

Where  range  extension  is  into  the  territory  of  a  related  species 
with  which  hybridization  can  take  place,  we  can  see  a  third  pos¬ 
sible  advantage  of  a  switch  to  inbreeding,  provided  that  the 
consequences  of  inbreeding  depression  are  less  harmful  than  those 
of  hybridization. 

Genetic  change  from  outbreeding  to  self-fertilization  does  not 
necessarily  mean  that  the  power  of  cross-fertilization  through 
pollen  is  lost.  The  ovules  of  homostyle  primroses  (Crosby,  1949) 
are  almost  always  fertilized  by  pollen  from  the  same  flower,  but 
liomostyle  pollen  has  as  much  chance  of  finding  its  way  to  an¬ 
other  plant  as  has  pollen  from  a  thrum  flower.  This  is  likely  to 
be  the  rule  rather  than  the  exception. 

An  invading  species  which  defends  its  own  reproductive 
capacity  by  the  adoption  of  self-fertilization  can  therefore  still 
attack  the  reproductive  capacity  of  the  resident  species  by 
aggressive  hybridization,  and  this  may  be  more  effective  in  help¬ 
ing  the  establishment  of  the  invading  form  than  vegetative 
competition.  Moreover,  as  the  invading  species  becomes  more 
numerous,  the  effect  of  aggressive  hybridization  increases 
exponentially,  and  unless  the  resident  species  can  itself  take  some 
evolutionary  action  to  avoid  pollination  by  the  invader,  it  may 
face  extinction. 

This  is  the  situation  referred  to  earlier  when  it  was  suggested 
that  pollen  which  effects  fertilization  but  fails  to  produce  fully 
functional  descendants  might  nevertheless  have  considerable 
evolutionary  significance.  When  pollen  of  an  invading  species 
produces  a  sterile  interspecific  hybrid,  the  genes  in  that  pollen 
have  no  evolutionary  future,  but  the  resultant  reduction  in  repro- 
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ductive  capacity  of  the  resident  species  may  be  sufficient  to  ensure 
the  establishment  and  spread  of  the  invader. 

It  is  an  interesting  speculation  that  one  advantage  of  the 
evolution  of  self-fertile  homostyly  in  the  primrose  in  S.W.  Eng¬ 
land  (Crosby,  1949)  may  have  been  that  it  enabled  the  primrose 
to  defend  itself  against  the  cowslip  (with  which  it  readily  crosses) 
and  possibly  counter-attack,  until  the  evolution  of  the  difference 
in  flowering  season,  which  is  now  the  main  genetic  barrier  to 
cross-pollination  between  these  species. 

This  sort  of  reproductive  aggression  could  be  very  effective 
where  hybrid  sterility  is  practically  complete,  as  could  happen 
during  the  establishment  of  a  new  tetraploid  in  the  territory  of 
the  relevant  diploid. 

Although  the  development  of  self-fertilization  with  the  reten¬ 
tion  of  out-pollination  has  been  taken  as  the  example  of  reproduc¬ 
tive  aggression,  it  may  not  be  the  only  way  in  which  this  can 
happen,  and  it  will  have  to  be  considered  whether  reproductive 
aggression  through  hybridization  is  possible  while  outbreeding  is 
still  maintained  within  the  species. 

To  this  speculation  we  can  add  one  concerning  the  situation 
where  our  invading  form  hybridizes  freely  with  the  resident  form 
without  much  loss  of  fertility  or  viability  in  the  hybrids.  This 
should  lead  to  genetic  fusion  of  the  two.  But  if  some  factor  arose 
by  mutation  or  chromosome  change  which  led  to  hybrid  sterility, 
its  establishment  would  then  provide  the  genetic  situation  in 
which  barriers  to  intercrossing  could  be  selected.  Could  such  a 
sterility  factor  ever  become  established  by  selection  in  the  first 
place?  Such  selection  would  be  a  third-order  effect,  and  it  seems 
very  doubtful  whether  it  could  happen.  However,  if  a  sterility 
factor  became  established  by  chance  (Sewall  Wright  effect)  in  a 
small  partially  isolated  section  of  the  population,  this  might  act 
as  a  source  of  hybrid-sterility  “infection”  for  the  whole.  This 
poses  a  very  complex  theoretical  question,  for  which  computer 
simulation  techniques  are  likely  to  be  the  only  means  of  providing 
an  answer. 

There  is  a  possible  practical  application  of  the  principle  of 
aggressive  reproduction,  to  the  difficult  agricultural  problem  of 
the  improvement  of  hill  pastures  (Crosby,  1965).  In  the  upland 
regions  of  Britain,  there  are  large  areas  of  rough  pasture  which 
present  a  challenge  to  the  plant  breeder.  The  problem  is  not 
simply  the  traditional  one  of  producing  new  and  improved 
varieties  by  which  the  natural  fodder  plants  in  those  pastures  can 
be  replaced ;  there  is  also  the  difficulty  of  effecting  the  replacement. 
Traditionally,  new  varieties  are  introduced  into  agriculture  by 
cultivation ;  this  may  be  by  the  annual  sowing  of  seed  into  culti¬ 
vated  soil,  cultivation  being  constantly  maintained;  or  in  the 
case  of  perennial  fodder  crops  by  initial  cultivation  and  sowing  to 
produce  temporary  pastures  which  can  easily  be  ploughed  up  and 
re-sown  when  their  quality  falls. 
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But  for  much  hill  pasture  land,  initial  cultivation  is  im¬ 
practicable  or  too  expensive,  and  any  desirable  forms  produced 
by  the  plant  breeder  will  have  to  be  introduced  into  the  existing 
vegetation,  and  will  then  have  to  compete  successfully  with  it.  That 
there  will  always  be  vegetative  competition  is  obvious  enough 
Sometimes,  if  it  has  close  relatives  among  the  occupiers  of  the 
pasture,  a  new  introduction  will  be  in  the  position  of  our  minority 
invader,  and  will  have  to  face  reproductive  competition  as  well. 
But  this  can  be  turned  to  advantage,  since  if  reproductive  com¬ 
petition  can  be  avoided  by  inbreeding  while  at  the  same  time  the 
possibility  of  out-pollination  is  retained,  reproductive  aggression 
may  substantially  increase  the  rate  of  successful  establishment 
of  the  new  variety,  especially  where  this  has  little  or  no  advantage 
in  vegetative  competition  with  the  resident  form.  Among  other 
aims,  the  plant  breeder  tackling  this  problem  would  seek  to  pro¬ 
duce  strains  which  are  self-fertile  with  little  inbreeding  depression, 
which  have  a  high  pollen  production,  and  which  readily  form 
inviable  or  sterile  hybrids  with  the  naturally  existing  forms  in 
the  pastures. 


Conclusion 

To  recapitulate,  we  may  say  that  in  many  evolutionary  situa¬ 
tions  the  reproductive  capacity  of  a  species  cannot  be  considered 
in  isolation,  because  it  may  depend  upon  the  genetic  environment 
in  which  that  species  happens  to  be.  And  the  evolutionary  or 
territorial  advance  of  a  species  may  depend  not  only  on  its  ability 
to  maximise  its  own  reproductive  capacity,  but  also  on  its  ability 
to  minimise  that  of  its  competitors  through  agressive  hybridization. 
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Discussion 

Prof.  Webb  questioned  Dr.  Crosby’s  point  that  the  establishment  of  a 
largely  sterile  hybrid  by  crossing  between  an  invading  species  B  into  an 
existing  stand  of  a  species  A  would  effectively  stop  or  slow  down  the 
spread  of  B,  since  the  reduction  of  its  reproductive  capacity  does  not 
necessarily  prevent  it  from  invading.  The  reproductive  capacity  could 
be  reduced  by  98%,  but  it  would  still  spread  if  conditions  were  right. 
For  instance,  the  reproductive  capacity  of  the  coconut  must  be  relatively 
low,  yet  it  has  a  good  chance  of  establishment.  Other  plants,  on  the 
other  hand,  might  produce  numerous  small  seeds  with  a  low  chance  of 
establishment.  Prof.  Webb  continued  by  saying  that  he  thought  that 
vegetative  competition  was  important,  but  that  this  aspect  of  competition 
had  not  been  fully  dealt  with.  He  also  thought  it  would  be  better  to  speak 
in  terms  of  concrete  examples  for  A  and  B,  since  the  logic  of  Dr.  Crosby’s 
argument  depended  on  what  examples  were  chosen.  If,  for  instance, 
species  A  was  Phragmites,  then  the  invasion  of  B  would  be  very  difficult 
because  vegetative  cover  was  so  complete.  In  the  case  of  two  orchids 
in  grassland  the  situation  is  not  of  competition  of  one  orchid  versus 
another,  but  of  orchid  versus  grass,  in  a  competition  for  light. 

Dr.  Crosby  in  reply  agreed  that  Prof.  Webb’s  points  were  very  im¬ 
portant,  but  explained  that  the  system  was  a  hypothetical  model  built  up 
in  a  computer  by  giving  it  the  necessary  information.  A  big  advantage 
of  the  method  was  that  the  computer  must  be  told  all  the  facts,  and  one 
must  therefore  be  correspondingly  thorough.  The  work  had  not  advanced 
much  beyond  the  model,  as  described  in  his  paper.  He  had  only  recently 
been  putting  “biological  sense”  into  the  computer  and  had  now  completed 
a  programme  with  ecological  variations.  Throughout  the  work  described 
he  was  in  a  position  to  be  able  to  introduce  any  desired  refinement,  such 
as  that  the  establishment  rate  of  B  might  be  twice  that  of  A  or  equal  to  it 
or  even  half  of  it.  In  the  zone  of  high  hybridity  if  the  number  of  estab¬ 
lished  plants  is  determined  by  seed  set  then  the  number  of  incoming  plants 
falls  off  in  the  zone.  Under  the  conditions  of  this  experiment,  if  higher 
germination  rate  were  allowed  to  offset  low  seed  production,  there  would 
be  no  evolutionary  progress  at  all.  In  all  his  experiments  he  had  men¬ 
tioned  there  was  just  simple  contact  between  A  and  B.  He  previously 
decided  to  overlap  them,  thinking  that  excess  hybridisation  might  speed 
the  rate  of  evolution,  but  actually  the  high  hybrid  sterility  caused 
depopulation  of  the  overlap  area  and  after  ten  generations  the  situation 
had  returned  to  one  of  simple  contact.  If  the  hybrids  were  allowed  to 
persist  this  situation  would  not  apply,  but  there  would  be  no  evolutionary 
progress. 

Dr.  Wilkins  commented  on  Dr.  Crosby’s  idea  of  introducing  species 
with  an  aggressive  reproduction  to  improve  hill  pasture,  saying  that  he 
thought  that  as  hill  pasture  was  so  stable,  an  aggressive  vegetative  repro¬ 
duction  was  more  important. 

Prof.  Harper  commented  on  Dr.  Crosby’s  definition  of  reproductive 
capacity  being  the  rate  of  establishment  of  adult  plants  in  a  community, 
saying  that  he  would  rather  it  were  defined  as  the  rate  of  spread  of  a 
species  in  the  absence  of  competition;  this  would  then  be  a  measure  of 
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the  potential  of  an  individual.  The  ideal  would  be  the  ‘intrinsic  rate  of 
natural  increase’  as  used  by  population  workers. 

Dr.  Crosby  replied  by  saying  that  he  would  rather  define  reproductive 
capacity  as  a  measure  of  something  related  to  a  community  in  nature. 
Two  terms  were  perhaps  needed. 

Prof.  Harper  then  suggested  that  the  two  terms  might  be  reproductive 
actuality  and  reproductive  potential. 

Prof.  Webb  summarised  by  saying  that  at  the  moment  reproductive 
capacity  was  a  vague  term  with  little  meaning  outside  given  circum¬ 
stances.  A  plant  has  a  reproductive  capacity  and  also  an  environmental 
difficulty.  Either  may  be  a  dominant  influence,  but  if  they  are  equal 
the  reproductive  capacity  is  stable.  Potential  reproductive  capacity  is 
clearly  valuable  in  theory,  but  how  could  all  the  environmental  hazards 
be  removed?  A  three-cornered  discussion  between  Professor  Webb,  Pro¬ 
fessor  Harper  and  Dr.  Crosby  ensued,  largely  on  different  ways  of  under¬ 
standing  and  defining  the  term  ‘reproductive  capacity’.  Clearly  several 
different  ways  of  viewing  the  situation  were  valid,  depending  on  the 
significance  placed  on  seed  production  on  the  one  hand  and  plant  estab¬ 
lishment  on  the  other. 
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SECTION  5 

APOMIXIS  (INCLUDING  VEGETATIVE 
REPRODUCTION) 


APOMIXIS  IN  THE  ANGIOSPERMS,  WITH  SPECIAL  REFERENCE  TO 

CALAMAGROSTIS  AND  POA 

A.  Nygren 

(Royal  Agricultural  College  of  Sweden,  Uppsala) 

In  1908  Winkler  gave  the  definition  of  apomixis  as  “den  Ersatz 
der  geschlechtlichen  Fortpflanzung  durch  einen  anderen, 
ungeschlechtlichen,  nicht  mit  Kern-und  Zellverschmelzung 
verbundeen  Vermehrungsprozess”1.  Apomixis  is  a  derived  stage 
occurring  in  species  with  sexual  relatives  in  the  same  or  related 
genera. 

There  are  two  main  types  of  apomictic  propagation  in  the 
Angiosperms,  agamospermy  (term  proposed  by  Tackholm,  1922), 
which  means  the  formation  of  seeds  without  a  sexual  process,  and 
vegetative  propagation  by  means  of  propagules  such  as  bulbils  or 
by  runners,  stolons  and  so  on.  We  can  distinguish  three  different 
types  of  agamospermy.  1.  Diplospory ,  2.  Apospory  and  3.  Adven¬ 
titious  embryony. 

1.  We  speak  of  diplospory  (term  proposed  by  Edman,  1931), 
when  the  embryo  sac  mother  cell  develops  into  an  unreduced 
embryo  sac  and  the  embryo  is  formed  either  by  the  egg  cell 
[  —  parthenogenesis ;  Siebold,  1856)  or  by  any  other  cell  of  the 
gametophyte  [  —  apogamety ;  Renner,  1916). 

2.  Apospory  (term  proposed  by  Druery,  1886  and  Bower, 
1886  and  1889)  is  present  when  a  somatic  cell  in  the  nucellus 
forms  the  diploid  embryo  sac,  the  egg  cell  of  which  develops 
parthenogenetically  into  an  embryo.  By  chance  other  cells  of  the 
embryo  sac  in  addition  to  the  egg  cell  may  give  rise  to  embryos. 
In  aposporous  species  the  embryo  sac  mother  cell  either  degener¬ 
ates  at  an  early  stage  or  forms  an  embryo  sac  which  is  normally 
superseded  by  one  or  more  aposporous  embryo  sacs. 

3.  Adventitious  embryony  means  that  the  embryos  are 
formed  directly  from  somatic  cells  in  the  nucellus  or  the  integu¬ 
ments,  while  the  embryo  sac  develops  in  a  normal,  sexual  way. 
Adventitious  embryony  normally  leads  to  the  development  of 
more  than  one  embryo.  In  some  rare  cases  the  egg  cell  of  a 
reduced  embryo  sac  divides  directly  without  fertilization  and 

‘The  changing  of  the  sexual  reproductive  process  into  an  asexual  one  without 
a  fusion  of  nuclei  and  cells. 
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forms  a  haploid  embryo ;  this  process  is  called  haploid 
parthenogensis. 

In  a  number  of  diplosporous  and  aposporous  species  the  central 
nucleus  normally  needs  fertilisation  in  spite  of  the  fact  that  the 
egg  cell  develops  parthenogenetically  (  =  pseudogamy  ;  Focke, 
1881). 

Vegetative  propagation  includes  reproduction  by  bulbils, 
bulbs,  runners,  suckers  and  so  on.  In  the  angiosperms  all  such 
organs  are  produced  by  the  sporphyte  only.  Bulbils  in  many 
plants,  particularly  those  belonging  to  the  grass  and  lily  families, 
are  formed  in  the  floral  region,  a  phenomenon  which  was  named 
vivipary  by  Linnaeus  in  1737  and  1759.  In  viviparous  species 
the  bulbils  normally  germinate  before  they  are  distributed.  The 
term  vivipary  was  used  even  earlier  for  the  situation  occurring  in 
some  mangrove  plants,  the  seeds  of  which  germinate  on  the  mother 
plant.  For  such  cases  the  term  biotechnosis  was  coined  by 
Mattfeld  in  1920,  while  Sernander  in  1927  speaks  of  fructificative 
and  vegetative  vivipary.  Here  we  shall  take  up  vegetative 
vivipary  for  discussion  only. 

There  is  a  rich  flora  of  terms  covering  what  we  here  call 
diplospory ,  and  Stebbins  especially,  in  1941,  and  later  Fagerlind 
and  Battaglia  have  used  others.  Battaglia  in  1963  reviewed  these 
terms  in  an  article  on  apomixis  in  “Recent  advances  in  embryo¬ 
logy”?  edited  by  Maheshwari.  The  confusion  in  the  terminology 
is  caused  by  the  fact  that  the  diploid,  unreduced  embryo  sac  may 
be  formed  either  directly  after  three  consecutive  divisions  of  the 
nucleus  of  the  embryo  sac  mother  cell  or  by  derivates  of  a 
restitution  nucleus  formed  after  a  meiosis  by  unpaired  often 
mitotic-like  chromosomes.  In  the  first  case  the  division  is  clearly 
mitotic.  It  was  observed  as  early  as  1900  by  Juel  in  Antennana 
alpina  and  later  clarified  by  Stebbins  in  1932  in  his  studies  of  some 
North  American  species  of  the  same  genus.  The  most  used  name 
for  this  type  is  <(the  mitotic  division”.  Up  to  now  it  has  been 
shown  to  occur  in  a  dozen  genera,  belonging  mainly  to  the  families 
Liliaceae,  Gramineae,  Rosaceae  and  Compositae.  For  this  division 
Battaglia  used  the  term  coined  by  Chiarugi  in  1926,  gonial 
apospory. 

In  a  number  of  genera,  mainly  belonging  to  Compositae,  the 
first  meiotic  division  of  the  embryo  sac  mother  cell  ends  in  the 
formation  of  a  restitution  nucleus,  which  may  give  rise  directly  to 
an  embryo  sac.  This  is  the  case  in  Ixeris  as  well  as  in  some 
Erigeron  and  Rudbeckia  species.  In  Taraxacum  the  restitution 
nucleus  divides  and  a  djTad  is  formed,  the  chalazal  cell  of  which 
gives  rise  to  the  embryo  sac.  Other  genera  following  the  same 
scheme  are  Arabis,  Chondrilla,  Elatostoma,  Wikstroemeria  and 
Hieracium  subgenus  Archieracium. 

In  Allium  nutans,  a  couple  of  Rudbeckia  species,  Antennaria 
carpatica  and  Leontodon  hispidus  the  mechanism  is  more  com¬ 
plicated,  but  there  is  no  doubt  that  these  species  reproduce 
themselves  in  a  diplosporous  way.  As  a  contrast  the  data  given 
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for  Saccharum  officinarum  by  Narayanaswami,  Bremer,  Sub- 
ramaniam  and  Price  make  a  careful  reinvestigation  necessary  of 
this  species,  which  also  holds  for  the  other  grass  species  Bouteloua 
curtipendula  studied  by  Harlan  and  co-workers. 

Diplospory  has  been  reported  up  to  now  in  14  Angiosperm 
families  and  the  number  of  species  studied  is  90,  belonging  to  34 
different  genera. 

While  some  diplosporous  species,  especially  those  belonging  to 
the  family  Compositae,  have  caused  much  confusion,  particularly 
in  the  interpretation  of  the  earlier  stages  of  the  development  of 
the  embryo  sac,  this  has  not  been  the  case  in  apospory.  The 
interpretations  given  by  Murbeck  in  Alchemilla  and  by  Rosenburg 
in  Hieracium  subgeneus  Pilosella  in  the  beginning  of  this  century 
are  still  valid,  even  if  complicated  situations  have  been  reported 
in  genera  with  a  multi-cellular  archesporium  such  as  Potentilla 
and  Rubus,  or  a  high  number  of  aposporous  initial  embryo  sacs, 
as  is  typical  for  Poa.  Apospory,  or  somatic  apospory,  as  the 
phenomenon  is  named  by  Chiarugi,  is  most  wide-spread  in  the 
families  Compositae,  Gramineae  and  Rosaceae.  It  is  reported  in 
nire  families  and  the  number  of  species  studied  is  102,  belonging 
to  42  genera. 

Much  confusion  is  met  with  in  studies  on  the  development  of 
the  endosperm  in  diplosporous  and  aposporous  species.  In  most 
diplosporous  species  the  endosperm  has  the  double  chromosome 
number  of  the  mother  plant,  brought  about  by  an  autonomous 
development  of  the  central  nucleus.  This  is  the  case  in  Antennaria , 
Chondrilla ,  Calamagrostis  and  Taraxacum .  Other  diplosporous 
species  such  as  Poa  alpina,  studied  by  Hakansson  in  1943  and 
Zephyranthes,  investigated  by  Pace  as  long  ago  as  1913,  are 
pseudogamous  and  need  a  fertilisation  of  the  central  nucleus  before 
the  endosperm  develops.  Most  aposporous  species  studied  behave 
in  the  same  way. 

Our  knowledge  of  the  chromosome  numbers  in  the  endosperm 
of  aposporous  species  was  very  incomplete  until  the  last  decade. 
During  the  1950’s  Rutishauser  and  co-workers  used  smear 
methods  to  study  the  chromosome  numbers  of  the  endosperm  in 
a  number  of  species.  Rutishauser’s  studies  in  Ranunculus  auri- 
comus  have  verified  earlier  findings  by  Hakansson  in  Poa  alpina , 
by  Noak  in  Hypericum  and  by  Gentscheff  and  Gustafsson  in 
Potentilla.  In  one  respect  his  investigation  differs  from  all  earlier 
studies,  since  it  includes  a  sufficient  number  of  determinations  to 
permit  conclusions  to  be  drawn.  The  results  obtained  by 
Rutishauser  in  tetraploid  Ranunculus  auricomus  (2n  =  32)  make 
it  quite  clear  that  the  variation  in  chromosome  number  can  be 
considerable  in  the  endosperm  of  a  pseudogamous  species.  In  the 
case  in  question  a  tetraploid  species  with  2n  =  32  has  been  proved 
to  form  endosperm  with  chromosome  numbers  involving  most 
even  multiples  of  n  between  32  and  128. 

Adventitious  embro'yony  was  the  first  type  of  apomictic 
reproduction  to  be  studied.  As  early  as  1841  J.  Smith  observed 
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that  female  plants  of  the  dioecious  euphorbiaceous  species 
Alchornea  ilicifolia  set  abundant  seed  in  Kew  Gardens  in  spite  of 
the  fact  that  there  were  no  male  plants  present.  In  1878  Stras- 
burger  investigated  the  species  and  found  that  the  embryos 
originated  from  adventitious  buds  in  the  nucellus. 

The  species  with  adventitious  embroyony  can  be  divided  into 
two  groups,  the  first  of  which  contain  those  species  that  need  no 
fertilisation  for  the  formation  of  an  endosperm,  while  a  fertilisa¬ 
tion  is  necessary  in  the  second  group.  To  the  first  group  belong 
Alchornea,  Euphorbia  dulcis  and  Opuntia  aurantiaca,  while  the 
genus  Citrus  is  the  most  important  representative  of  the  second 
group.  Citrus  was  studied  by  Strasburger  in  1878.  During  the  last 
decade  Furusato  in  Japan  has  analysed  the  number  of  embryos  per 
seed  in  a  number  of  crosses  between  different  species  of  the 
genus.  He  has  found  that  the  formation  of  adventitious  embryos 
begins  after  fertilisation,  and  he  is  of  the  opinion  that  fertilisation 
is  necessary  for  the  development  of  such  embryos,  because  of  the 
fact  that  fruits  developed  after  hormone  treatment  do  not  form 
any  seeds.  The  adventitious  embryos  develop  by  chance,  and 
various  growth  stages  may  be  found  in  the  same  seed.  In  three 
crosses  with  the  same  mother,  Citrus  unshu,  the  following  results 
were  obtained.  In  one  cross  the  average  number  of  embryos  was 
12-3  with  a  variation  in  number  between  1  and  29  (C.  unshu  x 
Natsudaidai),  while  in  a  hybrid  between  C.  unshu  and  C.  leiocarpa 
var.  tumida  the  mean  was  14*3  and  in  another  between  C.  unshu 
and  Poncirus  trifoliata  it  was  16-8.  The  41  known  species  with 
proved  adventitious  embryony  belong  to  23  genera  and  16  families. 

The  pollen  formation  in  most  aposporous  species  that  have 
been  studied  thoroughly  is  regular,  which  may  depend  upon  the 
fact  that  these  species  are  normally  pseudogamous  and  therefore 
the  formation  of  useful  pollen  undoubtedly  plays  an  important 
role  in  evolution.  In  diplosporous  species  on  the  other  hand  the 
pollen  formation  is  often  omitted,  or  an  irregular  meiosis  gives 
rise  to  considerable  disturbances,  which  were  studied  by  Rosenberg 
in  1917.  The  different  types  of  divisions  named  by  Rosenberg 
sometimes  occur  together  but  sometimes  alternate,  and  this 
alternation  has  in  single  cases  caused  considerable  confusion  in 
interpretation.  In  some  carefully  studied  cases  the  type  of  division 
has  been  proved  to  depend  on  the  temperature,  the  age  of  the 
panicle  or  the  location  of  the  flower.  Thus  there  is  in  diplosporous 
species  a  great  variation  in  the  mode  of  pollen  formation.  This 
may  depend  upon  the  fact  that  only  certain  diplosporous  species 
are  pseudogamous,  and  for  this  reason  the  quality  of  the  pollen  is 
not  so  important  for  the  production  of  seeds.  On  the  other  hand, 
the  pollen  is  usually  good  in  pseudogamous  species  such  as  Poa 
alpina  (Miintzing,  1940  and  1954). 

As  to  vegatative  propagation,  we  shall  for  various  reasons 
discuss  only  the  viviparous  grasses.  In  these  species  the  lemmas 
have  turned  into  shoots.  Viviparv  is  particularly  well  studied  in 
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Deschampsia,  Poa  and  Festuca,  and  in  all  three  genera  the 
tendency  to  vivipary  increases  with  the  chromosome  number 
Diploid  viviparous  grasses  were  unknown  until  in  1952,  when 
Skalinska  described  a  viviparous  Poa  alpina  with  2n=14  with  a 
very  restricted  area  of  distribution  in  the  Tatra  mountains  of 
Poland.  Triploid  Deschampsia  alpina  from  Spitzbergen  studied 
by  Flovik  had  almost  no  bulbils  in  the  panicles,  while  the  tetraploid 
was  an  obligate  viviparous  type.  Diploid  Deschampsia  alpina 
from  Sweden  is  non- viviparous.  The  study  by  Lawrence  in  1945 
is  most  interesting.  He  cultivated  Deschampsia  cespitosa  from 
Sweden  in  California,  together  with  North  American  material  of 
the  same  species.  The  Swedish  bio  types  became  viviparous  in 
spite  of  the  fact  that  the  species  in  Sweden  is  non-viviparous. 
The  North  American  material  on  the  other  hand  did  not  change. 
Some  years  ago  I  myself  cultivated  Deschampsia  cespitosa  from 
northernmost  Sweden  at  Uppsala  under  short  day  treatment.  The 
material  became  viviparous  just  as  in  the  experiment  of  Lawrence. 
In  1956  Schwarzenbach  studied  Greenland  specimens  of  Poa 
alpina ,  cultivated  in  Switzerland.  In  this  material  there  was  a 
transformation  of  vivipary  to  non-vivipary,  however,  probably 
depending  upon  the  difference  in  light  and  temperature  conditions 
between  the  experimental  field  and  the  natural  environment.  In 
1960  Youngner  showed  that  the  vivipary  in  Poa  bulbosa  could  be 
controlled  experimentally  in  the  phytotron  at  Pasadena  by  a 
combination  of  light  and  temperature  treatment.  A  similar 
experiment  was  taken  up  by  myself  and  one  of  my  co-workers, 
Almgard,  at  Uppsala  in  1961  with  the  Poa  species  alpina ,  bulbosa 
and  chaixii.  We  have  so  far  been  able  to  verify  Youngner ’s 
results  in  Poa  bulbosa  and  have  also  proved  that  a  non-viviparous 
species  such  as  Poa  chaixii  can  become  viviparous  and  a  viviparous 
Poa  alpina  can  become  non-viviparous  by  a  combination  of  light 
and  temperature  treatment.  Thus  the  physiological  background 
of  viviparv  no  doubt  can  be  mapped  bv  experiment  in  a  phytotron. 
Vivipary  has  been  shown  to  occur  in  five  families,  10  genera  and 
43  species. 

The  biotype,  form  and  species  formation  of  apomictic  species 
has  been  extensively  studied  during  the  last  50  years.  At  the 
beginning  of  this  century  Ostenfeld  and  Rosenberg  made  impor¬ 
tant  observations  in  Hieracium  crosses,  while  Lidforss  studied  the 
European  species  of  Rubus.  Of  the  studies  worked  out  during 
later  years,  those  in  Taraxacum  by  Sorensen  and  Gudjonsson,  in 
American  Rubi  by  Pratt  and  Einset  and  in  Poa  by  Jens  Olausen 
and  co-workers  are  particularly  important. 

Sorensen  and  Gudjonsson  in  1946  made  a  very  thorough 
investigation  of  the  formation  of  aberrants  in  a  number  of  Danish 
Taraxacum  species.  The  species  studied  were  all  apomicts,  with 
2n  =  24,  which  frequently  formed  aberrants  with  2n  =  23  and  2 n  = 
26,  as  well  as  with  some  polyploid  numbers,  all  morphologically 
distinct  and  distinguishable  from  the  mother  types.  It  was 
proved  that  eight  morphologically  different  types  of  chromosome 
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aberrants  with  2n  =  23  existed,  each  one  of  which  lacks  one  of  the 
eight  chromosomes  in  one  of  the  basic  chromosome  sets  of  the 
idiogram  of  Taraxacum. 

In  the  1950’s  Einset  and  Prat  showed  that  the  chromosome 
numbers  in  American  Rubi  ran  from  2n=  14  to  2n  =  63,  and  that 
most  of  the  species  can  be  crossed  in  any  combination  with  each 
other.  Embryological  studies  of  the  species  R.  alleghensis  (2n  =  14), 
R.  canadensis  (2n  =  21),  R.  localis  (2n  =  21),  R.  bellobatus 
(2n  =  2 8),  R.  abactus  (2n  — 35),  R.  meracus  (2u  =  49),  and  R. 
flagellaris  (2n  =  63)  proved  that  all  these  species  developed 
aposporous  embryo  sacs,  the  diploid  R.  alleghensis  very  seldom, 
however.  All  species  are  facultatively  pseudogamous. 

No  apomictie  genus  has  been  so  thoroughly  investigated  with 
reference  to  the  production  of  interspecific  hybrids  as  the  genus 
Poa  by  Jens  Clausen  and  co-workers.  Particularly  Poa  pratensis 
and  the  species  P.  ampla  and  P.  scabrella  of  western  North 
America  have  been  combined  in  a  great  number  of  crosses  with 
various  European,  American  and  Australian  species.  The  main 
results  obtained  by  the  Clausen  group  is  that  almost  any  combina¬ 
tion  between  these  mostly  aposporous  Poa  species  gives  rise  to 
apomictie  or  sexual  Fx  hybrids,  which  in  later  generations  sooner 
or  later  form  new  apomictie  strains  again.  These  highly  polyploid 
Poa  species  have  the  ability  to  pick  up  genes,  single  chromosomes 
or  whole  chromosome  sets  from  related  species  and  in  this  way 
constitute  new  forms,  a  fact  which  is  of  the  greatest  evolutionary 
importance. 

We  have  here  no  reason  to  discuss  the  matter  which  has  long 
been  under  dispute  as  to  whether  apomixis  is  a  dominant  or 
recessive  character.  Most  data  point  in  the  direction  of  recessivity. 
In  any  case  experimental  studies  made  in  genera  rich  in  apomictie 
species  have  proved  that  even  if  apomixis  may  be  broken  down 
in  a  single  cross  it  will  sooner  or  later  be  restored  in  the  later 
generation  of  these  sexual  derivatives.  (See  Table  8.)  Facultative 
apomixis  such  as  has  established  itself  for  instance  in  Calama- 
grostis,  Poa  and  Rubus  is  the  most  successful  mechanism  for 
creating  new  forms  that  has  ever  existed  in  higher  plants. 

Summing  up  our  results  on  apomixis  obtained  in  the  last  cen¬ 
tury  we  find  that  most  of  our  knowledge  is  no  doubt  connected 
with  the  formation  of  new  forms  in  apomictie  genera.  We  know 
that  obligate  apomictie  species  are  very  rare,  while  facultative 
apomixis  is  a  very  common  phenomenon,  and  thus  apomixis  is 
by  no  means  a  blind  alley.  We  also  know  that  pseudogamy  is 
often  met  with  in  aposporous  genera  at  the  same  time  as  it  occurs 
in  some  diplosporous  species. 

Most  confusion  is  met  with  in  the  interpretations  of  different 
transitional  stages  between  a  meiotic  and  a  mitotic  development 
of  the  chromosomes  that  occurs  particularly  in  many  diplosporous 
genera. 
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Table  8 


Proportions  of  sexual  and  apomictic  progenies  in  Calamagrostis  hybrids 

(Nygren,  1962) 


Combination 

Number 

Number 

F 

x  3 

Sexual 

Apomictic 

of  F, 
Plants 

of  F2 
Plants 

Families 

Number 

Sexual 

Apomictic 

of 

Plants 

C.  arundinacea 
x  C.  purpurea 

1 

2 

2 

— 

10 

C.  neglecta 

x  C.  purpurea 

1 

1 

1 

— 

8 

C.  canescens 

X  C.  purpurea 

1 

9 

14 

25 

512 

C.  canescens 

X  C.  purpurea 

2 

12 

11 

3 

78 

C.  villosa 

x  C.  purpurea  j 

1 

3 

3 

5 

109 

Total  | 

6 

27 

31 

33 

717 

Germination  test  of  F 3 : 


394  F3’s  from  26  F2’s 

(sexual  spp.  X 
C.  purpurea ) 


Control 

130  clones  of  C. 
purpurea  from 
nature 


Sexual 

Apomictic 

Plant 

number 

16 

10 

Range 

0  —  58-8% 

36-2  —  89-2% 

Average 

21-7% 

65-7% 

Range 

39  —  89% 

Average 

70-8% 

We  know  that  outside  conditions  are  very  important  in  con¬ 
trolling  the  type  of  division  developed,  which  has  been  proved  in 
Calamagrostis,  Poa  and  Hieracium.  We  also  know  from  the 
experiment  by  Heslop-Harrison  in  Dichanthium  that  the  light 
factor  is  of  utmost  importance  in  the  development  of  an  aposporous 
or  a  sexual  type  of  embryo  sac.  Thus  we  must  concentrate  on 
studies  of  a  number  of  genera  under  controlled  conditions  until 
we  have  a  better  background  for  our  understanding  of  these  often 
very  complex  situations. 

At  the  same  time  we  no  doubt  need  more  information  on  other 
genera  and  species,  since  apomixis  in  its  broader  sense  has  up  to 
now  been  studied  in  only  44  families,  109  genera  and  276  species 
of  Angiosperms. 
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THE  HISTORY,  TAXONOMY  AND  BREEDING  SYSTEM  OF 

APOMICTIC  BRITISH  RUBI 

Gordon  Haskell 

(Scottish  Horticultural  Research  Institute,  Dundee)1 

Introduction 

In  the  preface  to  his  Handbook  on  British  Rubi,  Watson  (1958) 
claimed  that  because  of  their  relatively  slow  methods  of  distribu¬ 
tion,  their  hardiness  and  the  consequent  preservation  of  old  forms, 
the  Rubi  perhaps  provide  an  unrivalled  instrument  for  ascertaining 
the  movement  and  succession  of  florulas  and  floras,  if  studied  m 
connexion  with  earlier  climatic  and  geological  changes.  He  also 
stated  that  the  genus  Rubus  shows  signs  of  “decay”  in  its  repro¬ 
ductive  system  whilst  still  in  the  process  of  evolution,  so  offering 
an  opportunity  of  observing  the  origin  of  species. 

It  is  interesting,  therefore,  to  consider  some  of  the  relation¬ 
ships  between  the  effects  of  the  advance  and  retreat  of  glaciation 
during  the  last  Ice  Age  in  Great  Britain  and  the  taxonomy  and 
present  distributions  of  members  of  the  genus  Rubus  (R.  fruticosus 
agg.),  which  are  found  in  the  British  Isles.  Especial  emphasis 
will  be  paid  here  to  the  multiplicity  of  breeding  systems,  in 
particular  the  prevalence  of  polyploidy  and  apomixis,  in  this 
successful  genus. 

Th3  Extent  of  Glaciation 

The  southern  limits  of  glaciation  in  Britain  and  Ireland  are 
still  somewhat  disputed  by  geologists ;  the  most  recent  map  which 
gives  the  probable  extent  of  the  glaciated  area  in  Scotland  and 
England,  during  the  last  Ice  Age  is  that  of  Godwin  (1956).  An 
earlier  and  helpful  discussion  on  the  ice  ages  in  Britain,  Ireland 
and  Europe  may  be  found  in  Seward  (1943).  A  land  bridge  was 
still  in  existence  between  south-east  England  and  the  central  area 
of  the  European  Continent.  During  this  period  gene  flow  was 
still  possible  between  continental  bramble  species  and  those  still 
in  the  southern  unglaciated  area  of  Britain.  Parts  of  the  North 
American  continent  were  also  glaciated  and  the  present-day 
distribution  of  R.  allegheniensis  reflects  this.  The  Suberecti  group 
subgen.  Idaeobatus  in  Europe  morphologically  vary  in  the 
direction  of  this  American  species  which  has  remained  diploid 
and  sexual,  in  contrast  to  the  mainly  polyploid  type  of  reproduc¬ 
tion  and  associated  apomictic  evolution  of  the  British  bramble 
flora  subsequent  to  glaciation. 

Sweden,  however,  was  totally  glaciated  and  nowadays  there 
are  no  diploid  brambles  other  than  R.  arct'icus  to  be  found  there ; 
partly  glaciated  Britain  now  has  one  diploid  and  sexual  species 

i Present  address  :  Department  of  Biological  Sciences,  Portsmouth  College  of 
Technology. 
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( R .  ulmifolius),  apart  from  raspberry  ( R .  idaeus  in  the  Idaeobatus), 
although  one  cannot  discount  other  diploids  having  once  been 
present.  Continental  Europe  has  several  diploid  species  with  up 
to  5  primary  species,  probably  diploids,  being  recognised  by 
Gustafsson  (1943),  either  from  chromosome  counts  or  pollen 
diameters.  These  are  the  widelv  distributed  R.  tomentosus  and 

A/ 

R.  ulmifolius ,  R.  moschus  of  Transylvania  (Hungary),  R. 
incanescens  of  the  West  Mediterranean,  and  the  two  highly 
restricted  species,  R.  bollei  in  the  Canary  Isles  and  R.  alnicola 
from  the  Pyrenees.  The  present-day  distribution  of  the  major 
sections  of  brambles  in  Britain  is  also  a  reflection  of  their  post¬ 
glacial  dispersal.  The  section  Discolores  (to  which  R.  ulmifolius 
belongs)  forms  a  high  proportion  in  the  bramble  flora  of  Portugal 
and  Italy,  possibly  explainable  in  that  Southern  Europe  was  once 
inter-connected  by  non-glaciated  forest  regions.  The  proportional 
changes  in  frequency  of  the  section  Clandulosi  compared  with  the 
other  main  sections  as  one  moves  from  east  to  west  Europe  and 
the  British  Isles  are  most  informative  as  to  their  history  after  the 
glaciation.  This  section,  which  is  believed  to  have  originated  in 
the  Caucasus  area  (c/.  R.  moschus )  was  probably  the  latest  to 
reach  Britain  as  the  ice  retreated ;  this  is  indicated  by  its  being 
mostly  confined  to  the  South-eastern  area  of  England,  i.e.  near 
to  the  former  land  bridge  (Watson,  1949,  1951). 

The  polymorphic  members  of  the  section  Appendiculati,  which 
provides  the  mass  of  the  polyploid  apomictic  bramble  (R. 
fruticosus  agg.)  flora  of  Britain,  form  the  same  proportion  out 
of  the  total  for  the  different  countries  in  Europe  throughout  the 
area  of  their  range.  Although  many  small  characters  can  be  used 
to  separate  them  taxonomically — as  Watson  (1958)  was  able  to 
do — they  have  a  general  ‘‘commonness”  about  them.  This  leads 
one  to  suspect  that  a  somewhat  limited  number  of  ancestral 
species  have  been  involved  in  their  post-glacial  evolution. 

In  Europe  there  are  only  a  few  diploid  and  sexual  primary 
species  considered  to  have  survived  the  last  glaciation,  with  R. 
tomentosus  and  R.  ulmifolius  alone  being  widespread.  Both  these 
species  are  recognised  as  possessing  the  greatest  variability  and 
to  be  most  prone  to  hybridization.  Only  R.  ulmifolius  occurs 
in  Britain  and  this  species  is  more  frequent  in  the  south,  its  dis¬ 
tribution  decreasing  north  of  the  last  glaciation  boundary, 
although  it  occurs  in  some  vice-counties  of  Scotland,  where  there 
may  have  been  nunataks,  and  also  on  the  Isle  of  Man.  When  the 
vice-county  frequencies  of  the  344  contemporary  British  species 
listed  by  Watson  (1958)  are  plotted,  the  centre  of  diversity  is 
revealed  as  S.E.  England.  The  highest  frequencies  are  generally 
in  S.E.  England  which  also  are  part  of  the  non-glaciated  areas 
(Haskell,  1961).  This  area,  incidentally,  is  the  one  in  which 
Watson  himself  lived.  It  is  possible,  however,  that  nunataks 
occurred  north  of  the  glaciation  line,  allowing  the  local  survival 
of  some  pre-glacial  types.  Such  relic  species  would  have  occurred 
at  over  3,000  ft. 
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The  Life-cycle  of  Rubus 

The  normal  life-cycle  of  a  representative  wholly  sexual  species, 
naturally  distributed  by  birds  eating  the  edible  fruits,  is  seen 
in  the  common  diploid  form  of  raspberry  ( Rubus  idaeus).  In 
facultative  apomictic  Rosaceous  genera  ( e.g .  Malus )  there  is  com¬ 
petition  between  vegetative  apomictic  cells  and  sexual  cells,  with 
one  or  other  type  ultimately  winning  to  form  the  new  embryo 
(Hjelmqvist,  1957,  1959),  and  this  behaviour  has  been  observed 
in  European  apomictic  polyploid  Rubi  by  Christen  (1950)  and  in 
a  triploid  raspberry  (so-called  species-hybrid)  by  Pratt  et  al. 
(1958).  Fertilization  is  apparently  necessary  to  form  a  sexual 
endosperm,  even  for  an  apomictic  embryo,  although  such  an 


Figure  6 

Production  of  sexually  formed  seedlings  by  a  facultatively  apomictic  Rubus 
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The  effect  of  pollen  from  itself  and  other  Rubus  species  on  liubus  laciniatus  is 
shown  with  the  pollen  parents  graphed  according  to  their  numbers  in  Watson’s 
monograph.  There  is  no  clear-cut  relationship  between  taxonomic  classification 
and  ploidy  of  the  pollen  parents  and  sexual  potency  of  the  female  parent.  Bui 
there  is  an  indication  here  that  extreme  types  are  sometimes  more  effective  in 

producing  sexual  seedlings. 
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embryo  itself  receives  no  contribution  from  the  pollen.  This  is 
known  as  pseudogamy,  and  the  phenomenon  has  for  some  time 
been  recognised  in  Rubus  where  apomictic,  as  well  as  sexual 
species,  fail  to  set  seed  unless  adequately  pollinated  with  good 
functional  pollen  grains.  Furthermore,  these  apomictic  species 
produce  matroclinous  offspring  -whose  vigour  depends  on  the  type 
of  pollen  used  (Haskell,  1960).  Generally,  the  closer  the  seed 
and  the  pollen  parents  are  in  Watson’s  classification,  the  greater 
is  the  likelihood  that  the  apomictic  progeny  is  weak  (cf.  Fig.  6). 
This  variation  in  vigour  has  been  termed  “pseudo-heterosis”  (a 
contraction  of  pseudogamous  heterosis)  because  it  is  considered 
to  be  an  endosperm  consequence  as  the  effects  ultimately  wear 
off.  It  is  believed  to  be  due  to  the  varying  genetic  nature  of  the 
sexually  formed  endosperm  which  itself  shows  heterosis  on  out- 
crossing.  This  pseudo-heterosis  must  help  to  keep  alive  the 
interflow  of  species  (and  also  allow  for  occasional  sexual  hybridi¬ 
zation),  because  the  matroclinous  plants  with  hybrid  embryos  are 
at  an  advantage  over  the  ones  whose  endosperms  result  from 
pollination  within  the  species  i.e.  there  is  mutual  benefit  to  be 
derived  from  a  mixed  Rubus  species  flora,  particularly  in  the 
struggle  for  existence  during  the  early  stages  of  germination.  It 
may  be  argued  that  the  maintenance  of  a  mixed  Rubus  flora  is  a 
prerequisite  for  the  genus.  This  is  reflected  too,  in  the  improve¬ 
ment  in  germination  following  the  mixing  of  seeds  of  several 
species.  Pseudo-heterosis  has  possibly  existed  since  the  Pleisto¬ 
cene. 

Incompatibility  and  Polyploidy 

The  diploid  primary  species  of  Rubus  although  sexual,  are 
either  partially  or  completely  self-incompatible  (Gustafsson. 
1943).  For  example,  a  single  thornless  diploid  R.  ulmijolius 
“inermis”  plant  on  an  experimental  plot  in  Hertfordshire,  which 
was  open  to  pollination  from  numerous  thomed  plants  (which 
themselves  failed  to  produce  thornless  offspring)  of  different 
species  and  of  various  ploidy  was  found  to  give  22  thorned  and 
hybrid  seedlings  and  4  thornless  seedlings  resembling  R.  ulmijolius 
“inermis” .  As  the  gene  for  thornlessness  is  recessive,  this  means 
there  was  84%  out-pollination,  although  in  the  mother  plant  the 
ripening  of  stigmas  and  anthers  overlapped.  Indeed  there  was 
every  opportunity  for  self-pollination  to  occur. 

There  would  have  been,  however,  a  reduction  in  the  oppor¬ 
tunity  for  cross-pollination  in  the  diploid  species  in  the  period 
following  the  glaciation,  concomitant  with  paucity  of  pollinating 
agents  and  with  individual  plants  occurring  somewhat  sparsely. 
Individual  plants  may  have  been  able  to  self-pollinate  themselves, 
providing  there  was  the  occasional  insect  visitor,  particularly 
although  it  has  been  a  pollen  parent  in  the  production  of  the 
various  Triviales  ( =  Corylifoli),  many  of  which  have  exceptional 
chromosome  numbers  and  are  often  highly  sterile.  Its  cytology 
at  meiosis  has  indicated  it  to  be  an  allotetraploid.  Large  numbers 
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various  bees  or  perhaps  thrips  acting  as  pollinating  agents.  Even 
then  it  is  recognized  that  Rubus  species  carry  lethal  and  semi- 
lethal  recessive  genes  (Lewis,  1940)  which  could  reduce  seed 
production  following  self-fertilization.  Rubus  is  also  subject  to 
severe  inbreeding  depression,  which  would  weaken  the  vigour  of 
the  species.  The  diploid  sexual  primary  Rubi  under  these  condi¬ 
tions  would  have  been  greatly  handicapped  in  their  competitive 
reproductive  capacity,  although  they  would  still  have  a  means 
of  spreading  vegetatively,  particularly  by  tip-rooting,  where  the 
roots  at  the  tip  anchor  the  arched  shoots  firmly  to  the  ground. 
Conditions  such  as  these — of  isolated  plants  living  on  poor 
tundra-like  terrain  following  glaciation — may  be  seen  to-day  at 
the  Taughannock  Falls,  Lake  Cajuga,  in  New  York  State. 

Polyploidy  usually  overcomes  the  incompatibility  mechanisms, 
particularly  where  the  condition  is  only  partial  in  the  diploid 
forms;  this  is  recognized  as  a  general  principle  for  numerous 
genera  (c/.  Stebbins,  1950).  As  diploid  Rubi  have  long  been 
known  to  produce  occasional  unreduced  gametes,  and  this 
phenomenon  may  be  encouraged  at  low  temperatures,  there  would 
be  greater  chances  of  the  functioning  of  unreduced  gametes, 
through  self-pollination  within  the  species  as  well  as  in  cross¬ 
pollination  between  species.  Hence  all  the  environmental  and 
genetical  factors  during  the  post-Tertiary  period  would  encourage 
the  production  and  advancement  of  the  tetraploids  (and  occasional 
triploids  and  pentaploids)  so  produced  by  the  primary  diploids. 

There  would  also  be  a  selective  advantage  for  those  polyploid 
but  still  sexual  Rubi  that  might  have  been  already  present  before 
the  almost  total  eclipse  of  the  primary  diploids.  Although  they 
would  still  have  required  pollination,  these  tetraploids  could  at 
least  set  viable  self-seed.  This  would,  however,  not  have  prevented 
a  gradual  inbreeding  depression,  both  in  vegetative  vigour  and 
in  flowering  and  fruiting  ability,  although  it  would  be  less  in¬ 
vidious  in  its  effects  at  the  tetraploid  level  than  at  the  diploid. 
Hence  there  would  have  been  selection  for  those  polyploids  able 
to  maintain  themselves  as  heterozygotes,  with  the  consequent 
maintenance  of  hybrid  vigour.  For  the  sexual  polyploids  this 
would  partly  depend  on  the  type  of  chromosome  pairing  at  meiosis. 
Thus  in  the  loganberry,  which  is  a  blackberry-raspberry  hybrid, 
the  genomes  tend  to  stay  together  so  that  the  heterozygous 
species-hybrid  is  not  only  maintained  but  depression  due  to 
inbreeding  is  reduced. 

Heterozygosity  and  Apomixis 

Where  there  is  the  possibility  of  a  facultative  apomictic 
mechanism  functioning,  the  apomictic  pseudogamous  types  with 
good  pollen  would  be  at  a  selective  advantage  in  maintaining 
heterozygosity  and  heterosis.  For  it  is  likely,  for  example,  that 
their  reduced  egg-cells  would  be  less  vigorous  than  the  competing 
unreduced  and  heterozygous  aposporic  cells.  Those  plants  that 
had  arisen  from  the  fusion  of  haploid  gametes  from  one  diploid 
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parent  with  unreduced  ones  from  another  diploid  parent, 
or  a  reduced  one  from  a  facultative  tetraploid  apomict  would 
be  triploids.  These  Rubus  triploids  as  a  rule  have  imperfect  non- 
viable  pollen,  and  their  egg  cells  may  be  either  completely  inviable 
or  only  occasionally  functional.  Hence  owing  to  the  necessity 
of  pseudogamy,  the  spread  by  seeds  of  triploid  blackberries  in  the 
wild  is  dependent  on  pollen  from  other  species  (particularly  the 
numerous  tetraploids,  or  perhaps  the  occasional  hexaploid  species 
or  diploid  R.  ulmifolius),  to  produce  fruits  with  drupelets  contain¬ 
ing  viable  and  possible  apomictic  seeds.  The  triploids  are  at  an 
undoubted  reproductive  disadvantage  to  tetraploids  or  even 
hexaploids :  this  is  reflected  in  their  paucity  in  the  British  flora, 
with  only  four  species  having  been  recorded  from  the  wild. 

The  latitudinal  frequencies  within  their  ranges  in  Britain  of 
the  polyploid  apomictic  Rubus  species  from  the  main  sections, 
viz.  Sylvatici,  Discolores,  Appendiculati,  and  Glandulosi,  show 
a  relation  to  the  general  limit  of  glaciation;  the  late-arriving, 
probably  post-glacial,  Glandulosi  are  not  only  rare  in  England 
but  are  especially  so  in  Scotland,  Ireland  and  Wales  (Watson, 
1949).  The  seven  species  only  of  Sprengeliani  have  a  scattered 
distribution.  Although  Rubi  probably  depend  largely  on  birds 
to  disseminate  them,  there  appears  to  be  no  correlation  between 
these  patterns  of  distribution  and  the  paths  of  migratory  birds. 
This  is  somewhat  unexpected,  as  one  of  the  theories  of  bird 
migration  is  that  of  movement  associated  with  the  advances  and 
recessions  of  the  ice  (c/.  Lincoln,  1950).  This  suggests  that  Rubus 
seed  dissemination  is  locally  erratic  and  depends  to  some  extent 
on  the  movements  of  local  birds,  like  blackbirds  and  thrushes. 

There  are  16  Rubus  species  in  Britain  for  which  there  is  no 
dispute,  and  which  are  usually  found  in  the  national  herbaria 
(E.  S.  Edees,  in  litt.),  and  are  reasonably  widespread.  These  may 
be  considered  to  be  representative  of  the  “Circle”  species  of 
Gustafsson  (1943)  and  are  the  ones  which  probably  breed 
constantly  through  the  apomictic  mechanism  of  apospory.  There 
is  much  yet  to  be  learned  about  the  life-cycle  of  these  types,  and 
that  of  the  apomicts  of  limited  distribution  which  have  probably 
arisen  through  diplospory,  where  there  is  reduction  division 
(which  allows  for  segregation  and  recombination  of  characters) 
followed  by  restitution  of  the  tetraploid  chromosome  number. 
Thus  the  apomictic  mechanism  in  Rubus  may  or  may  not  involve 
cytological  crossing-over  of  the  chromosomes  followed  by  genetic 
recombination.  Furthermore  we  still  know  little  as  to  how  the 
female  life-cycle  (as  examined  by  Dowrick,  1961),  involving  the 
egg  or  a  cell  behaving  as  an  egg-substitute,  compares  with  the 
male  life-cycle.  There  is  a  suggestion  from  biometrical  evidence 
of  pollen  grain  size  variation  in  sexual  and  in  apomictic  species 
that  tetraploid  apomictic  Rubi  can  have  pollen  mother  cells  which 
undergo  meiosis,  and  that  the  pollen  grains  differ  genetically 
(Haskell,  1963).  Although  the  pollen  grains  do  not  contribute 
to  the  apomictic  genotype,  they  may  allow  some  initial  variation 
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particularly  with  respect  to  germination  and  seedling  growth, 
through  their  sexual  combination  with  the  fusion  nucleus.  This 
would  allow  a  variation  in  the  genotype  of  the  endosperm,  so 
altering  the  embryo /endosperm  genetic  (and  occasionally 
chromosomal)  balance.  It  is  not  unfeasible,  by  comparison  with 
what  is  known  in  apomictic  Gramineae  (cf.  Knox  and  Heslop- 
Harrison,  1963),  that  the  sexual-apomictic  (or  meio  tic-mi  to  tic) 
balance  within  a  Rubus  species  may  alter  not  only  during  the 
life-cycle  of  the  plant  but  also  within  the  season,  with  changes 
in  temperature,  day-length  and  light-intensity,  although  as  most 
brambles  have  a  relatively  short  flowering  period  this  means  that 
season  and  day-length  may  have  relatively  little  effect  on  the 
mechanism.  Even  virus  infection,  which  is  a  prominent  feature 
of  Rubus  especially  where  large  numbers  of  plants  occur  together 
(as  seen  in  raspberry  plantations),  may  possibly  affect  the 
apomictic  mechanism  and  the  breeding  system  in  general.  Over 
and  above  all  these  likely  factors,  there  is  no  doubt  that  the 
bramble  has  evolved  and  colonized  the  glaciated  area  successfully 
in  post-glacial  Britain,  not  only  by  the  aid  of  its  apomictic 
mechanism  but  also  by  the  fact  that  occasional  true  sexual 
hybrids  can  form  between  the  species  and  even  between  the  sub¬ 
genera  (Vaarama,  1953).  As  yet  we  do  not  know  what  are  the 
genetical  and  environmental  conditions  that  encourage  a  sexual 
union  (with  or  without  chromosome  reduction)  in  Rubus  to  take 
place  and  to  compete  on  occasion  successfully  against  the  power¬ 
ful  apomictic  mechanism.  Whatever  the  reason,  this  loop-hole 
for  variability  remains  and  the  genus  is  not  likely  to  be  doomed 
to  extinction  by  a  specialised  unvarying  genetic  mechanism 
which  canalizes  the  germ-line. 

Future  Evolution 

In  the  British  flora,  the  rate  of  formation  of  sexual  hybrids 
by  one  apomictic  species  with  pollen  from  other  species  reveals  no 
marked  difference  in  relation  to  the  taxonomy  of  either  species. 
Fully  inter-specific  hybridization  can  occur,  throughout  the 
gamut  of  the  genus,  and  this  is  indicative  of  a  close  genetical 
and  evolutionary  relationship  of  members  of  our  blackberry  flora. 
The  taxonomic  classification  of  Watson,  valuable  though  it  is  for 
identification  of  types,  hides  this  close  relationship — which  itself 
once  again  emphasises  that  the  mass  of  the  apomictic  Rubus  flora 
of  Great  Britain  has  a  somewhat  limited  ancestry.  Through  the 
diplosporous  mechanism  within  the  species  and  from  the 
occasional  sexual  hybrids  produced  between  species,  new  types 
differing  in  but  a  few  or  some  or  more  characters,  may  be  evolving 
now  in  Britain  and  are  awaiting  the  taxonomists’  attention. 
Furthermore,  as  Davis  (1958)  has  pointed  out,  it  may  well  be  that 
the  F,  hybrid  is  often  the  species  of  the  modern  taxonomist. 
Now  that  the  British  bramble  flora  has  been  so  well  classified  and 
distribution  of  the  species  recorded  by  Watson  (1958),  one  may 
suspect  any  new  find  (except  for  those  possibly  distributed  by 
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man  or  birds  from  the  Continent)  to  be  derived  from  recombina¬ 
tion  (apomictically  by1  diplospory,  or  sexually)  from  the  existing 
species. 

That  selection  can  still  function  on  an  apomictic  Rubus 
population  has  been  demonstrated  by  Haskell  (1959),  who  pro¬ 
vided  evidence  that  within  an  apparently  uniform  population 
there  are  slight  differences  in  variation  of  a  character  on  which 
to  select  by  critical  biometrical  methods.  Selection  in  any  one 
direction,  even  in  these  apomictic  species,  may  bring  about 
correlated  responses  in  other  characters,  which  may  even  come 
to  resemble  those  of  other  and  probably  apomictic  species  in  the 
flora.  Hence  variation,  although  somewhat  limited,  can  still 
occur  in  the  wild  flora,  and  natural  selection  since  the  Pleistocene 
has  been  able  to  act  on  these  forms.  Evolution  has  thus  given 
rise  to  the  numerous  apomictic  “species”  which  have  proven  so 
adaptable  in  recolonizing  land  once  under  the  ice.  It  is  known 
that  some  British  species  are  widely  spread  and  constant  breeding : 
these  are  the  predominantly  aposporous  types,  the  so-called 
“Circle”  species.  The  unstable  apomicts,  often  represented  by 
clusters  of  related  “minor”  species  with  limited  and  scarcer  dis¬ 
tribution,  are  those  segregants  of  a  more  diplosporous  nature. 

The  whole  gamut  of  the  British  polyploid  apomicts  must  have 
a  fairly  limited  parentage  from  diploids  that  failed  to  survive 
glaciation,  with  the  exception  of  R.  ulmifolius.  This  is  supported 
by  the  fact  that  pollen,  provided  it  is  fertile,  of  all  species  so  far 
tested  is  able  to  function  on  the  stigmas  of  the  other  species, 
regardless  of  which  of  the  five  sections  to  which  they  belong. 
Furthermore,  most  of  these  apomicts  are  still  facultatively 
sexual,  so  providing  increased  adaptability.  They  may  on  this 
evidence  truly  be  termed  Rubus  fruticosus  sensu  lato.  These 
views  conflict  only  somewhat  with  Watson’s  conclusions  that  the 
British  bramble  flora  comprises  “not  only  a  mosaic  of  distinct 
florulas,  various  in  age  and  in  composition  but  also,  systematically 
considered,  comprising  small  disjunct  groups  of  few  related  forms, 
and  not  few  groups  of  many  forms  which  run  one  into  another”. 
In  this  respect  it  is  hoped  that  our  present  studies  on  chromato¬ 
graphic  “finger-printing”  of  Rubus  species  will  be  of  assistance 
taxonomically  especially  in  the  analysis  of  apomictic  forms,  which 
are  difficult  to  inter-cross. 

Extracting  Primary  Species 

Finally,  although  the  polyploid  apomictic  Rubi  were  at  tn 
advantage  compared  with  sexual  diploids  following  the  retreat 
of  the  ice,  some  tetraploid  species  like  R.  rosa  from  North  America 
are  now  regularly  producing  secondary  diploids,  at  least  on 
selling.  These  poly-haploids  are  almost  as  vigorous  as  their 
tetraploid  sibs.  Attempts  have  been  made  by  me  to  extract 
diploids  from  the  highly  apomictic  tetraploid  R.  caesius,  a  com¬ 
mon  wild  species  in  England.  This  has  not  yet  been  known  to 
produce  any  sexual  offspring  when  used  as  the  seed  parent. 
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of  its  “seeds”  (botanically  true  seeds  embedded  in  the  hard  inner 
endocarp  of  the  drupelets)  have  been  examined  and  those  of  ex¬ 
treme  size,  large  or  small,  were  separated.  One  seedling  from 
a  very  large  seed,  gave  rise  to  a  non-trailing  plant,  in  complete 
contrast  to  the  normal  trailing  habit  of  R.  caesius.  Its  chromo¬ 
some  number  was  triploid  (2n  =  2 1)  and,  unfortunately  it  has 
since  died.  This  triploid  plant  may  have  been  a  pure  derivative 


Figure  7 

Composite  chromatogram  of  the  flavonoid  components  of  raspberry 


- ►  1  St 

This  is  a  composite  two-way  chromatogram  which  synthesises  all  the  com¬ 
ponents  so  far  seen  under  U.V.  light  in  sexual,  diploid  cultivated  raspberries 
( Rubus  idaeus).  The  universal  spots  (1  and  2)  are  in  black;  the  most  common 
(3,  4,  5,  6,  7,  10  and  11)  are  heavily  stippled;  the  less  common  spots  (13  and  17) 
are  lined;  rare  ones  (8/12,  9/14)  are  lightly  stippled;  and  the  very  rare  spots 
(15,  16,  20,  21,  23)  are  blank. 

The  first  run  was  in  BAW  for  3  hrs.  and  the  second  run  was  in  7%  acetic  acid 
for  45  mins,  on  Whatman  No.  l,  20  cms.  square. 

It  is  assumed  that  the  rarest  components  are  the  most  recently  evolved, 
whereas  the  universal  and  commonest  ones  are  possibly  most  ancient.  Hence 
the  simplicity  or  complexity  of  this  type  of  chromatogram  may  help  give  a 
clue  as  to  the  ancestry  within  the  species,  and  also  prove  useful  in  revealing 
the  taxonomic  relationships  between  apomictic  species  of  Rubus. 
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from  R.  caesius,  or  else,  but  less  likely,  a  natural  hybrid,  which 
has  not  previously  been  recorded  for  R.  caesius  as  female  parent. 

The  purpose  of  this  practical  exercise  was  to  try  and  expose 
the  original  primary  diploid  parental  species  which  after  hybridi¬ 
zation  and  chromosome  doubling  have  produced  tetraploid  wild 
R.  caesius.  Although  these  must  have  failed  to  survive  the 
glaciation,  it  is  postulated  that  they  have  been  maintained 
biologically  intact  through  the  aposporous  mechanism  for 
thousands  of  years.  Whether  the  triploid  seedling,  which  has 
shown  little  resemblance  to  the  female  parent,  is  indicative  of  one 
of  these  is  speculative.  But  it  is  of  interest  that  those  hybrids  of 
true  blackberries  or  raspberries  with  R.  caesius  as  pollen  parent 
usually  morphologically  reflect  their  caesius  ancestry,  as  well  as 
being  of  unusual  ploidy,  and  often  pentaploid  (5x).  This  en¬ 
courages  one  to  believe  that  the  triploid  derivative  was  a  likely 
representative  of  a  very  ancient  pre-glacial  species  of  Rubus  but 
presumably  not  thought  of  as  being  triploid. 

My  current  experiments  of  two-way  paper  chromatographic 
analyses  of  the  flavonoid  components  in  British,  North  American 
and  Asiatic  species  of  Rubus  indicate  clearly  that  the  chemically 
primitive  types  are  those  from  Asia.  I  believe  that  when  applied 
to  the  apomictic  bramble  floras  of  Britain,  Sweden  and  Conti¬ 
nental  Europe  this  modem  laboratory  tool  will  be  most  helpful 
in  the  further  determination  of  the  relationships  of  their 
component  species  (see  Fig.  7).  In  particular  it  will  aid  in 
assessing  the  taxonomic  arrangements  of  these  apomictic  com¬ 
plexes  already  reached  by  botanists  on  entirely  different  grounds. 

Summary 

Some  influences  following  the  last  glaciation  in  Britain  on  the 
distribution  and  taxonomy  of  the  genus  Rubus  are  discussed. 
The  extent  of  glaciation  is  considered  both  for  effects  on  the 
primary  diploid  species,  and  on  the  five  sections  of  polyploid 
apomictic  Rubi  forming  the  main  bramble  population.  The 
probable  life-cycle  of  these  apomicts  is  assessed,  with  emphasis 
on  pseudo-heterosis  resulting  from  the  sexually  derived  endosperm. 

Following  retreat  of  the  ice,  there  would  have  been  sparse  re¬ 
colonization  by  the  diploid  species,  whose  plants  were  partially 
self-incompatible,  and  would  suffer  inbreeding  depression  when 
selfed.  Polyploidy  would  have  largely  overcome  self-incompati¬ 
bility  and  slowed  down  inbreeding  depression.  Selection  for  an 
apomictic  mechanism,  requiring  partial  fertilization,  would  main¬ 
tain  hybrid  vigour.  The  sexual  system  could  still  operate  under 
particular  conditions,  as  yet  not  understood,  so  permitting  species 
recombination  and  segregation.  Differences  in  variability  and 
area  now  occupied  by  Rubus  species  in  Britain  may  depend  on 
their  type  of  apomictic  mechanism ;  possibly  more  “minor”  species 
but  not  “circle”  species  will  yet  be  described. 

A  possible  method  is  mentioned  for  extracting  lower  ploidy 
types  from  apomictic  tetraploids.  These  may  somewhat 
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resemble  the  ancestral  types  eliminated  during  glaciation. 

Chromatographic  “finger-printing”  is  now  being  used  as  a  possible 

aid  in  studying  the  taxonomy  and  evolution  of  Rubus  species. 
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APOMSXIS  AND  VEGETATIVE  REPRODUCTION  IN  FERNS1 

Trevor  G.  Walker 

(Department  of  Botany,  University  of  Newcastle  upon  Tyne) 


Apomixis 

During  the  typical  life  cycle  of  a  fern  the  sporophyte  produces 
sporangia  in  which  meiosis  takes  place  and  spores  are  formed 
having  half  the  chromosome  number  of  the  sporophyte.  On 
germination  the  spores  give  rise  to  prothalli  (gametophytes)  also 
with  half  the  chromosome  number  of  the  sporophyte.  Male  and 
female  sex  organs  are  borne  on  the  prothallus  and  as  a  result  of 
fertilization  an  embryo  is  formed  which  develops  into  a  sporo¬ 
phyte  with  the  restored  set  of  chromosomes  and  the  whole  cycle 
of  events  is  repeated.  Thus,  there  is  a  regular  morphological 
alternation  between  the  large  conspicuous  sporophyte  and  the 
small,  rather  insignificant  gametophyte,  coupled  with  a  cytological 
alternation  in  chromosome  numbers. 

However,  many  species  of  ferns  are  apomictic  in  their  repro¬ 
duction  and  whilst  there  is  still  a  morphological  alternation  of 
generations  their  chromosome  number  remains  the  same  in  the 
sporophyte  and  gametophyte  due  to  the  introduction  of  special 
compensating  mechanisms.  Furthermore,  the  prothalli  do  not 
produce  functional  arehegonia.  Sexual  fusion  does  not,  therefore, 
occur  and  the  baby  sporophytes  are  produced  directly  by  localised 
areas  of  the  prothalli  dividing  in  an  organised  manner. 

This  cytological  compensating  process  may  occur  in  one  of 
two  ways2  as  is  shown  diagrammatically  in  fig.  8. 

1)  The  method  which  applies  to  the  vast  majority  of  apomictic 
ferns  is  that  shown  in  the  top  half  of  the  figure  and  here  termed 
the  ‘normal’  type.  This  method,  originally  described  by  Dopp 
(1932)  and  later  worked  out  in  detail  and  illustrated  by  Manton 
(1950),  involves  the  production  of  two  main  types  of  sporangia 
which  differ  in  their  cytological  behaviour.  Both  kinds  of 
sporangia  behave  similarly  at  first,  the  archesporial  cell  in  each 
dividing  three  times  by  mitosis  to  give  rise  to  eight  cells.  There¬ 
after  their  paths  diverge.  One  type  of  sporangium  (indicated  in 
the  top  line  of  fig.  8)  undergoes  another  normal  mitosis  to  give 
sixteen  spore  mother  cells  and  then  meiosis  takes  place.  In  all 
this  it  is  following  the  normal  sequence  of  events  found  in  sexual 

iThe  financial  support  of  the  S.R.C.  (D.S.I.R.)  and  the  Nuffield  Foundation  for  the 
work  described  here  is  gratefully  acknowledged. 

2Evans  (1964)  described  a  different  process  in  the  American  Polypodium  dispersum 
Evans,  but  from  his  description  and  my  own  observations  on  this  species 
it  is  possible  that  it  really  belongs  to  the  pattern  of  development  here 
termed  the  ‘ Asplenium  aethiopicum’  type. 


APOMIXIS  AND  VEGETATIVE  REPRODUCTION  IN  FERNS  153 

species.  In  the  apomictic  species,  however,  the  chromosomes  fail 
to  pair  regularly  at  meiosis  and  form  univalents,  bivalents  and 
multi  valent  s.  As  a  consequence  the  chromosomes  are  not 
distributed  evenly  and  the  end  of  meiosis  results  in  cells  which 
are  chromosomally  unbalanced  and  these  form  abortive,  mis¬ 
shapen  spores.  This  course  of  events  need  not  be  considered 
further  here  although  it  should  be  mentioned  that  the  chromo¬ 
some  behaviour  at  meiosis  in  this  kind  of  sporangium  can  give 
valuable  information  on  species  relationships,  etc. 

Figure  8 


MITOSIS 


MEIOSIS 


NORMAL  TYPE 

O — 

I  2  4 


IRREGULAR  MEIOSIS 

X  16  32  6  4 

y  | 

§  REGULAR  MEIOSIS 

o— »o— >o 

8  16  32 


ABORTIVE 

SPORES 


FUNCTIONAL 
DIPLOSPORES 
IN  TETRADS 


ASPLENIUM  AETHIOPICUM  TYPE 


O  )  0"**>  O — ^  O — 0™*^0'">  o 

I  2  4  8  16  15  J2 


FUNCTIONAL 
DIPLOSPORES 
IN  DIADS 


Diagrammatic  scheme  of  the  coarse  of  sporangial  development  in  apomictic  ferns. 
The  numbers  below  each  circle  indicate  the  number  of  cells  per  sporangium. 
Broken  lines  indicate  normal  nuclear  divisions  and  thick,  unbroken  lines  the 
“compensating”  ones.  See  text  for  further  explanation. 


The  other  type  of  sporangium,  however,  has  a  compensating 
mechanism  which  results  in  a  regular  meiosis  and  the  production 
of  functional  spores.  This  is  interpolated  at  the  end  of  the  third 
mitotic  division  before  meiosis  occurs  (see  bottom  line  of  ‘normal’ 
type  in  fig.  8).  The  fourth  mitotic  division  starts  normally,  the 
chromosomes  gather  on  the  equator  and  divide  but  the  division 
does  not  go  any  further  and  restitution  nuclei  are  formed  having 
double  the  original  chromosome  number.  The  cytoplasm  also 
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fails  to  divide;  hence,  at  the  end  of  this  stage  there  are  still  eight 
spore  mother  cells  but  each  now  has  double  the  chromosome 
number  of  the  sporophyte.  Meiosis  then  occurs  and  because  each 
chromosome  now  has  an  exact  and  equal  partner  as  a  result  of 
the  preceding  abnormal  mitosis  pairing  is  regular  (because  of 
preferential  association)  and  at  the  end  of  the  process  thirty-two 
viable  diplospores  are  formed,  having  the  same  chromosome  num¬ 
ber  as  the  sporophyte.  This  is  the  course  of  events  followed  by 
our  British  apomictic  species  Dryopteris  borreri  Newm.  and  the 
beech  fern  Thelypteris  phegopteris  (L.)  Slosson. 

(2)  The  other  type  of  apomixis  in  ferns  is  much  rarer,  being 
found  in  only  a  handful  of  species.  I  have  termed  it  the  Asplenium 
aethiopicum  type  of  development  as  it  was  first  described  in  that 
fern  by  Braithwaite  (1964).  This  is  much  simpler  than  the 
‘normal’  type  in  that  only  one  kind  of  sporangium  is  produced 
and  the  sequence  of  events  is  illustrated  diagrammatically  in  the 
bottom  half  of  fig.  8.  The  archesporial  cell  in  the  sporangium 
undergoes  four  successive  normal  mitotic  divisions  to  give  rise 
to  sixteen  spore  mother  cells,  having  the  same  chromosome  num¬ 
ber  as  the  parental  plant.  At  the  first  division  of  meiosis  the 
chromosomes  arrange  themselves  on  the  equator  without  pairing. 
Restitution  nuclei  are  formed  and  the  cytoplasm  fails  to  divide, 
with  the  result  that  at  the  end  of  the  first  meiotic  division  there 
are  still  sixteen  cells  per  sporangium  without  any  alteration  in 
chromosome  number.  The  second  meiotic  division  proceeds 
normally  and  results  in  the  production  of  thirty-two  viable  diplo¬ 
spores,  arranged  in  diads  and  still  with  the  same  chromosome 
number. 

In  both  these  apomictic  types,  therefore,  the  end  result  is  the 
same  in  that  viable  spores  are  produced  without  any  final  reduc¬ 
tion  in  chromosome  number  although  the  means  of  bringing  this 
about  is  different  in  the  two  cases. 

All  the  available  evidence  points  to  the  conclusion  that 
apomictic  ferns  are  hybrid  in  origin  and  that  they  would  be 
sterile  due  to  meiotic  disturbance  were  it  not  for  the  compensating 
processes  described  above  which  allow  of  the  production  of  viable 
spores.  No  one  has  yet  succeeded  in  synthesising  an  apomitic 
fern  from  two  sexual  species  but  it  is  evident  that  several  distinct 
genetical  conditions  would  have  to  be  fulfilled  simultaneously  by 
both  the  sporophyte  and  the  gametophyte  to  produce  a  working 
whole. 

(a)  Sporophytic  conditions 

In  the  case  of  the  ‘normal’  type  of  apomixis  it  requires  both 
the  interpolation  of  the  abnormal  fourth  mitosis  and  also  of  a 
“switch  mechanism”  which  allows  some  sporangia  to  follow  the 
non-apomictic  type  of  development  (top  row  of  ‘normal’  type  in 
fig.  8)  and  of  others  to  follow  the  compensating  pathway  which 
results  in  the  production  of  viable  spores  (bottom  row  of  ‘normal’ 
type  in  fig.  8).  It  is  not  known  how  such  a  “switch  mechanism” 
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works  but  it  is  obviously  a  fairly  complex  situation  since  the 
relative  proportions  of  the  two  types  of  sporangia  can  be  altered 
by  varying  both  the  genetical  conditions  and  the  environment. 
Its  functioning  is  also  affected  by  the  age  and  nutritional  status 
of  the  plant.  Thus,  young  plants  sporing  for  the  first  time  and 
also  older  plants  which  have  been  starved  both  tend  to  produce 
a  lower  proportion  of  functional  spores  than  normal.  It  may  be 
added  that  it  is  difficult  to  see  why  a  “switch  mechanism”  is 
necessary  at  all  (instead  of  the  plants  producing  only  the  func¬ 
tional  type  of  sporangium)  but  the  universal  presence  of  both 
kinds  of  sporangium  in  ‘normal’  type  apomicts  of  very  different 
affinities  strongly  suggests  that  it  is  an  essential  component  of 
the  system. 

In  the  case  of  the  Asplenium  aethiopicum  type  evidence  from 
closely  related  sexual  species  (Braithwaite,  1964)  indicates  that 
a  factor  is  present  for  the  complete  suppresion  of  chromosome 
pairing  in  addition  to  the  formation  of  restitution  nuclei  and  the 
absence  of  cytoplasmic  cleavage  during  the  first  meiotic  division. 

(b)  Gametophytic  conditions 

In  the  gametophytes  of  both  types  two  conditions  are  essential 
for  successful  functioning.  The  first  condition  is  the  suppression 
of  functional  archegonia;  otherwise  the  plant  would  not  only  run 
the  risk  of  “polyploidizing”  itself  out  of  existence  in  two  or  three 
generations  by  repeated  doubling  of  its  chromosome  number 
following  fertilization,  but  it  would  also  lead  to  competition 
between  sexually  and  apogamously  produced  embryos.  The 
second  condition  is  that  the  baby  sporophyte  must  develop 
autonomously  from  the  prothallial  tissue. 

That  both  these  steps  are  fundamentally  distinct  from  one 
another  is  shown  by  the  fact  that  sporophytes  may  be  induced  to 
form  spontaneously  on  normal  sexual  prothalli  with  functional 
archegonia  by  witholding  free  water  and  thus  preventing  fertiliza¬ 
tion  (for  examples  see  Manton,  1950,  and  Manton  &  Walker,  S., 
1954). 

A  survey  of  the  literature  (see  Chiarugi,  1960;  Fabbri,  1963) 
and  of  my  own  unpublished  results  indicates  that  out  of  a  total  of 
approximately  1,055  species  of  ferns  for  which  the  breeding 
system  is  known  or  can  be  confidently  deduced  about  106,  or 
almost  exactly  10%,  are  apomictic.  Closer  examination  of  the 
figures  shows  that  the  distribution  of  apomixis  is  very  uneven. 
In  some  genera,  such  as  Pteris,  it  is  common  and  in  this  genus 
accounts  for  about  1/3  of  all  the  species.  In  other  genera  such  as 
Dryopteris  and  Asplenium  it  is  sporadic  and  appears  to  be  entirely 
absent  in  others  such  as  Cyclosorus  and  Athyrium  sensu  stricto. 
The  reasons  for  this  are  unknown. 

The  apomictic  ferns  are  all  obligate  apomicts,  unlike  many 
flowering  plants  in  which  facultative  apomixis  also  occurs.  One 
consequence  of  this  is  that  populations  of  such  species  tend  to  be 
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fairly  well-defined  morphologically  and  ecologically  except  when 
the  pattern  is  disturbed  by  genetic  mutation  or  by  hybridization. 
A  familiar  example  of  variation  caused  by  mutations  is  to  be  seen 
in  the  numerous  forms  of  Pteris  cretica  L.,  which  is  a  very  popular 
house  plant  in  this  country.  Forms  of  this  species  range  from 
simply  pinnate  to  pinnatisect  and  from  the  normal  green  colour 
to  strongly  variagated  forms  having  prominent  white  streaks  on 
their  lamina. 

Hybridization  is  often  the  most  spectacular  disrupter  of  the 
relative  uniformity  of  wild  populations.  The  ability  to  form 
hybrids  lies  in  the  fact  that  the  prothalli  of  apomictic  ferns,  whilst 
lacking  functional  archegonia,  do  normally  possess  functional 
antheridia  which  release  spermatozoids  capable  of  fertilizing  the 
archegonia  of  sexual  species  and  can  thus  act  as  male  parents. 
Somewhat  curiously,  there  is  some  evidence  for  selection  for 
increased  vigour  of  spermatozoids  in  apomictic  species  (Walker, 
1962)  and  it  is  not  uncommon  to  find  that  the  spermatozoids  of 
newly  synthesised  hybrids  are  large  and  sluggish  whilst  those  of 
old  established  species  in  the  wild  are  much  smaller  and  exceed¬ 
ingly  active — often  more  active  than  those  of  sexual  types. 

Many  hybrids  have  been  raised  between  apomictic  and  sexual 
ferns  and  in  every  case  they  have  inherited  the  apomictic  mode 
of  reproduction  from  their  male  parents.  Hence,  such  hybrids  are 
not  only  fertile  but  also  breed  true  in  succeeding  generations.  The 
fact  that  the  majority  of  apomicts  in  the  wild  are  triploids  or 
higher  polyploids  indicates  that  such  hybridizations  have 
occurred  many  times  in  nature  (Manton,  1961). 

Crossing  between  apomictic  and  sexual  species  tends  to  create 
and  preserve  hj^brid  vigour,  which  is  subsequently  passed  on  from 
one  generation  to  the  next.  In  Pteris  all  such  plants  show  hybrid 
vigour  to  a  greater  or  lesser  extent.  The  outstanding  example  of 
this  is  met  with  in  crosses  involving  the  apomictic  P.  argyraea 
Moore,  with  various  sexual  species  of  the  P.  quadriaurita  group. 
True  P.  argyraea  (which  differs  from  the  plant  usually  grown 
under  that  name  in  botanic  gardens)  is  difficult  to  grow  and  often 
fails  to  reach  maturity,  but  all  its  hybrids  have  been  outstandingly 
vigorous,  quick-growing  and  easy  to  cultivate. 

The  morphological  variations  induced  by  such  hybridizations 
naturally  can  lead  to  a  great  deal  of  taxonomic  confusion.  The 
extreme  example  of  this  is  to  be  seen  in  the  Ceylon  flora  (Walker, 
1958)  where  the  diploid  sexual  P.  multiaurita  Ag.  with  simple 
pinnae  freely  crosses  with  the  diploid  sexual  P.  quadriaurita  Retz. 
with  completely  pinnatisect  pinnae  (fig.  9,  a  and  f,  respectively). 
The  hybrids  are  also  sexual  and  fully  fertile  and  segregate  and 
backcross  to  form  hybrid  swarms  which  range  in  morphology  from 
one  parental  extreme  to  the  other.  A  few  such  specimens  are 
illustrated  in  fig.  9  (b  to  e). 

There  is  also  a  diploid  apomictic  species  in  Ceylon  to  which  I 
gave  the  name  P.  confusa  (fig.  9g).  This  species  can  cross  not 
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only  with  P.  multiaurita  and  P.  quadriaurita  but  also  with  any 
member  of  their  hybrid  swarm.  The  progeny  of  such  crosses  are 
triploid  and  apomictic  (fig.  9,  li  to  k)  and  rather  closely  duplicate 
the  gross  morphology  of  the  sexual  hybrids.  Because  each  has 
inherited  the  apomixis  of  the  male  parent  such  triploid  hybrids 
breed  true  and  if  their  history  wras  not  known  virtually  every 
plant  could  be  given  a  different  specific  name.  This  is  an  extreme 
example  of  the  effects  of  hybridization  upon  morphology  of 
apomicts  but  it  serves  to  highlight  the  type  of  changes  that  may 
occur  when  an  apomictic  species  growls  in  proximity  to  sexual 
relatives. 


Figure  9 

Hybridization  between  sexual  and  apomictic  species  of  Pteris. 


fa)  Pteris  multiaurita  (2x  sexual). 

(f)  P.  quadriaurita  s.s.  (2x  sexual). 

(b)  to  (e)  A  few  representatives  of  the  fertile  sexual  hybrid  swarm  produced  on 
crossing  (a)  and  (f). 

(g)  P.  confusa  (2x  apomictic). 

(h)  to  (k)  Triploid  fertile  apomictic  hybrids  produced  on  crossing  (g)  with 

various  members  of  the  (a)  to  (f)  series  of  forms. 


All  fronds  shown  at  l/ir»th  natural  size. 


This  figure  has  been  adapted  from  figs,  l  and  4,  Walker,  in  Evolution,  1958. 
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Vegetative  Reproduction 

In  addition  to  reproducing  by  spores  many  ferns  also  repro¬ 
duce  vegetatively  and  indeed  in  some  cases  this  may  be  the  only 
mode  of  reproduction.  This  is  a  feature  of  ferns  that  has  received 
relatively  little  attention  and  recent  work  on  the  fern  floras  of 
Jamaica,  Trinidad  and  New  Guinea  (Walker,  1965  and  unpub.) 
has  focussed  my  attention  on  the  subject  following  the  discovery 
that  several  so-called  species  in  these  floras  are,  in  fact,  sterile 
hybrids  which  have  succeeded  in  building  up  sizeable  populations 
by  vegetative  means  alone. 

(a)  The  commonest  form  of  vegetative  reproduction  familiar 
to  us  in  Britain  is  that  of  extensive  branching  of  the  rhizome  and 
the  subsequent  dying  and  rotting  of  the  older  parts,  resulting  in 
many  independently  growing  plants  all  derived  from  the  same 
original  source.  The  most  obvious  example  of  this  is  the  bracken, 
Pteridium  aquilinum  (L.)  Kuhn  in  which  large  circular  patches, 
obviously  derived  from  single  focal  points,  are  to  be  seen  growing 
on  hillsides.  In  some  parts  of  the  tropics  this  species  is  only 
rarely  fertile  and  this  constitutes  its  main  means  of  spreading. 
This  type  of  accessory  reproduction  occurs  in  most  of  our  British 
ferns  with  creeping  rhizomes  and  even  in  some  of  those  with  erect 
rhizomes  such  as  Dryopteris  filix-mas  (L.)  Schott  and  D. 
abbreviata  (DC.)  Newm.,  where  several  crowns  are  often  produced. 
In  Trinidad  Gleichenia  pectinata  (Willd.)  Presl  occasionally 
crosses  with  another  sexual  species  and  produces  triploid  hybrids 
which  are  sterile.  Despite  the  sterility  of  such  plants,  however, 
they  have  succeeded  in  producing  quite  extensive  thickets  locally 
by  means  of  their  profusely  branching,  creeping  rhizomes  (Walker, 
unpub.). 

(b)  Less  familiar  is  the  formation  of  buds  on  the  roots  of  some 
ferns,  of  which  the  adder’s  tongue  fern,  Ophioglossum  vulgatum 
L.,  is  a  British  example.  This  method  is  much  more  vigorously 
developed  in  a  similar  New  Guinea  species  of  Ophioglossum 
(fig.  10a).  In  this  case  large  populations  are  quickly  built  up 
on  newly-cleared  garden  lands  by  this  method  and  provides  a 
means  of  occupying  new  territory  far  more  rapidly  than  could  be 
achieved  by  spores,  especially  as  Ophioglossum  is  a  notoriously 
slow  grower. 

(c)  Specialized  runners  or  stolons,  similar  to  those  seen  in 
strawberries,  also  provide  a  very  efficient  mode  of  multiplication 
and  the  commonly  cultivated  ladder  fern  ( Nephrolepis  spp.)  shows 
this  very  clearly  (fig.  10b).  In  this  genus  a  single  plant  will  throw 
out  large  numbers  of  runners  and  will  quickly  take  over  a  green¬ 
house  bench  if  allowed  to  do  so  unchecked.  Three  different  and 
morphologically  distinct  hybrids  of  Blechnum  have  been  found 
in  Jamaica  and  Trinidad  (Walker,  1965  and  unpub.).  These  are 
all  sterile  but  have  formed  sizeable  populations  by  means  of 
stolons. 
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Figure  10 

Vegetative  reproduction  in  ferns. 


(a)  Ophioylossum  sp.,  from  New  Guinea,  showing  root  butts.  Plant  ea.  15  cm. 

high. 

(b)  Nephrolepis  sp.  Plant  with  6  stolons,  one  of  which  has  developed  a  piantlet. 

One-fifth  natural  size. 

(c)  Arplenium  x  fawcettii  Jenin.  Triploid  sterile  hybrid,  propagating  by 

terminal  bulbils.  Frond  30  cm.  long. 
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(d)  The  last  of  the  common  means  of  vegetative  reproduction 
to  be  considered  is  the  formation  of  bulbils  on  the  fronds.  Some¬ 
times  bulbils  are  restricted  to  one  particular  position  such  as  on 
the  tip  of  the  frond  or  in  the  axil  of  the  terminal  pinna  as  in 
Dcmaea  spp.,  but  more  often  they  are  numerous  and  distributed 
along  the  rachis  and  midribs  as  in  some  species  of  Diplazium,  or 
on  the  lamina  as  well,  as  in  the  popular  pot  plant  Asplenum 
bulbiferum.  The  behaviour  of  such  bulbils  varies  from  species  to 
species — in  some  the  bulbils  remain  dormant  and  only  rarely 
develop,  whilst  in  others  the  bulbils  rapidly  grow  into  miniature 
plants,  complete  with  roots.  In  many  cases  a  slight  knock  is  all 
that  is  needed  to  detach  them,  but  in  other  cases  the  bulbils  only 
become  independent  on  the  death  of  the  frond  bearing  them. 

As  in  all  the  other  cases  of  vegetative  reproduction,  bulbils 
may  allow  sterile  hybrids  to  build  up  populations  and  escape 
recognition  as  such  unless  cytologi’cally  examined.  One  such 
example  is  Asplenium  x  jawcettii  Jenm.  (fig.  10c),  which  is  a 
sterile  triploid  growing  on  the  top  of  Blue  Mountain  Peak  in 
Jamaica.  Here  it  has  covered  quite  a  large  area  where  both  its 
putative  parents,  A.  harissii  Jenm.  and  A.  harpeodes  Kze.  meet 
(Walker,  1965).  Similarly,  in  Trinidad,  a  sterile  triploid  Tectana 
is  common  in  several  localities  due  to  abundant  bulbil  formation 
(Walker,  unpub.). 

Although  bulbils  can  be  made  to  form  under  certain  experi¬ 
mental  conditions  in  the  laboratory  little  is  known  of  the  factors 
controlling  their  production  in  nature  and  this  is  a  topic  that 
would  well  repay  investigation.  Some  plants,  indeed,  appear  to 
be  able  to  vary  the  degree  of  bulbil  production  under  different 
environmental  conditions.  An  as  yet  unidentified  asplenoid  fern 
in  New  Guinea  which  grew  in  moist  Nothofagus-Castanopsis  forest 
at  about  4,500  feet  above  sea  level  in  the  Finisterre  Mountains 
produced  sporangia  under  average  conditions  of  light  and  humidity 
for  the  area  and  also  bore  a  few  bulbils  on  its  fronds.  In  very 
deeply  shaded,  moist  gullies  in  the  same  area,  however,  it  failed 
to  produce  sporangia  but  bore  more  numerous  bulbils.  In  this 
case  we  have  an  instance  of  a  plant  reproducing  by  spores,  aug¬ 
mented  by  the  production  of  a  few  bulbils,  under  one  set  of 
conditions  and  under  more  extreme  conditions  reproducing 
entirely  by  bulbils  with  a  compensating  increase  in  the  numbers  of 
the  latter. 

Vegetative  reproduction  is  of  importance  from  a  biological 
point  of  view  in  at  least  three  respects: 

(1)  It  allows  of  the  colonization  of  newly-available  sites  such 
as  forest  clearings,  garden  lands,  roadside  banks,  etc.,  by  more 
rapid  means  than  would  be  possible  by  the  production  of  spores, 
e.g.,  Ophioglossum  (see  above).  This  is  of  considerable  importance 
in  that  such  sites  may  otherwise  become  closed  to  slow  growing 
plants  by  competition  from  faster  growing  flowering  plants. 
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(2)  It  helps  to  spread  and  perpetuate  favourable  genotypes 
unaltered  because  vegetative  propagules  are  the  products  of 
mitosis  only. 

(3)  It  may  be  of  importance  in  the  case  of  some  sterile  hybrids 
in  enabling  them  to  persist  until  such  time  as  they  have  either 
been  selected  for  increased  fertility  or  have  doubled  their 
chromosome  number  and  thus  become  polyploid  and  fertile. 
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THE  TAXONOMIC  IMPLICATIONS  OF  APOMIXIS 

S.  M.  Walters 
(Botany  School,  Cambridge) 


We  have  had  from  Dr.  Nygren  a  very  complete  review  of  the 
phenomena  of  apomixis,  and  realised  how  varied  and  complex 
these  phenomena  are;  and  we  have  also  had  accounts  by  Dr. 
Haskell  and  Dr.  Walker  of  apomictic  phenomena  in  particular 
groups  of  which  they  have  specialised  knowledge.  We  must  all 
feel  somewhat  overawed  by  the  technicalities  and  subtle  complica¬ 
tions  of  these  apomictic  processes.  It  falls  to  my  lot  to  deal  with 
what  I  think  is  perhaps  both  a  simpler  and  a  more  generally 
applicable  set  of  problems. 

I  have  interpreted  quite  strictly  my  task  in  speaking  at  the 
end  of  this  session  on  apomixis  and  intend  to  restrict  myself  to  the 
practical  problems  of  the  taxonomic  treatment  of  apomictic 
groups.  It  is,  I  think,  instructive  to  look  back  briefly  into  the 
nineteenth  century,  and  consider  the  work  of  the  taxonomists  who 
were  quite  ignorant  of  most  of  the  knowledge  of  reproductive 
processes  in  the  vascular  plants  which  have  been  discussed  at  this 
Conference.  The  problem  faced  by  the  practising  taxonomist  then 
was  relatively  simple;  he  proceeded  to  classify  his  groups  on  the 
basis  of  morphological  difference,  and  looked  for  correlated  dis¬ 
continuities  on  which  he  could  base  the  description  and  key 
identification  of  those  groups.  In  some  cases,  as  for  example 
Jordan,  his  belief  that  a  definite  number  of  such  groups  existed 
because  of  special  creation  spurred  on  his  search  for  the 
‘elementary  species’;  other  taxonomists,  more  sceptical  perhaps, 
were  inclined  to  accept  larger  groups  containing  much  obvious 
variation.  The  ‘splitters’  and  the  ‘lumpers’  disagreed  in  practice, 
and  it  was  those  groups  in  which  the  disagreement  was  most 
obvious  and  most  troublesome  to  which  the  term  ‘critical’  became 
attached. 

The  explanation  of  the  most  notorious  critical  groups  in 
Angiosperm  taxonomy — the  familiar  genera  of  the  Rosaceae  and 
Compositae  in  particular — in  terms  of  the  understanding  of  the 
apomictic  phenomena  must  surely  rank  as  one  of  the  outstanding 
achievements  of  the  experimental  taxonomy  of  the  present  cen¬ 
tury.  We  now  know  a  good  deal  about  the  detailed  complexities 
of  the  reproductive  biology  of  enough  of  the  critical  genera  to  see 
rather  clearly  what  it  is  which  makes,  for  example,  the  classifica¬ 
tion  of  the  Alchemilla  vulgaris  aggregate  a  practical  proposition  on 
the  whole,  whilst  that  of  Rubus  or  parts  of  Pteris  (as  Dr.  Walker 
and  Dr.  Haskell  so  effectively  showed  us)  must  remain  relatively 
unsatisfactory.  We  need  no  longer  pursue,  with  Jordan,  the  will- 
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o’-the-wisp  of  a  final  solution  in  terms  of  ‘elementary  species’,  nor 
need  we  waste  time  arguing  about  how  many  such  species  there 
are  within  the  genus  or  the  section  concerned.  We  can  turn  our 
attention  to  the  practical  questions.  We  all  need  some  classifica¬ 
tion  and  some  system  of  nomenclature  for  the  critical  groups ; 
what  is  the  most  generally  acceptable  and  workable  one  ? 

The  first  of  these  practical  questions  seems  to  me  to  concern  the 
use  of  the  aggregate  binomial.  In  cases  like  that  of  the  Linnean 
Alchemilla  vulgaris,  where — fortunately  for  all  of  us !  — the  speci¬ 
men  in  Linneaus’  herbarium  is  clearly  a  composite  plant 
consisting  of  the  leaves  of  one  Alchemilla  and  the  inflorescence  of 
quite  a  different  one,  no-one  any  longer  tries  to  attach  the  Linnean 
name  to  a  particular  micro-species,  and  the  binomial  can  function 
as  a  nomenclaturally  ‘neutral’  aggregate  name.  ‘ Alchemilla 
vulgaris’  used,  for  example,  in  a  species  list  made  by  an  ecologist 
in  Europe  is  relatively  unambiguous  and  much  more  useful  than 
the  simple  ‘ Alchemilla  sp.  indet.’.  It  would,  I  think,  be  helpful 
if  we  could  use  all  the  Linnean  aggregate  names  in  this  neutral 
way,  whether  they  could  be  typified  or  not — but  this  is  not  the 
place  to  enter  into  nomenclatural  controversy,  and  I  must  leave 
this  particular  subject  there.  Whether  we  can  operate  with  a 
convenient  aggregate  binomial  or  not,  however,  there  is  much  to 
be  said  for  allowing  the  use  of  binomials  for  micro-species  dis¬ 
tinguishable  within  an  apomictic  aggregate  or  section  or  genus. 
This  brings  me  to  the  second  question.  It  seems  to  me  that  what 
we  require  of  our  species  in  these  apomictic  groups  need  not  be 
different  from  our  requirement  in  any  ordinary  sexual  group — 
we  should  give  binomials  to  units  which  we  can  satisfactorily 
define  on  the  morphological- geographical  basis  which  we  are 
prepared  to  use  throughout  our  vascular  plant  taxonomy.  It  is 
true  that  the  number  of  such  units  treated  as  species  may  become 
burdensome  to  the  non-specialist  (several  hundreds  are  described 
in  Alchemilla,  several  thousands  in  Hieracium) ;  but  the  aggregate, 
sectional  or  generic  name  is  always  available,  and  the  primary  aim 
of  a  taxonomic  treatment  should  be  to  provide  a  workable  frame¬ 
work  for  as  much  of  the  information  on  variation  as  can  reasonably 
be  accommodated.  Thus  although  the  Northern  European  botanist 
visiting  the  Balkan  Mountains  may  have  to  be  content  with 
‘ Alchemilla  vulgaris ’  as  a  field  identification,  there  is  little  excuse 
for  him  offering  the  same  aggregate  name  in  his  own  country, 
where  the  micro-species  are  (with  few  exceptions)  relatively  well- 
described  and  distinct. 

It  is  important  to  notice  here  that  we  must  retain  a  very 
flexible  approach ;  we  must  accept  that  the  treatment  of  Alchemilla 
in  a  monograph  might  contain  far  more  species  than,  for  example, 
the  treatment  to  be  adopted  in  “Flora  Europaea”.  A  full  discussion 
of  the  treatment  of  apomictic  groups  in  “Flora  Europaea”  can  be 
found  in  the  Proceedings  of  the  “Flora  Europaea”  Round  Table 
Conference  held  in  Vienna  in  April  1959  and  published  as  ‘Pro¬ 
blems  of  Taxonomy  and  Distribution  in  the  European  Flora’,  ed. 
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V.  H.  Hey  wood,  Feddes  Repert.,  63  :  107-227  (1960).  The  decision 
here  must  be  a  compromise  one;  the  important  information  to 
include  in  “Flora  Europaea”  would  be,  firstly,  a  statement  of  the 
particular  nature  of  the  critical  group,  secondly  an  explanation  of 
what  is  excluded  and  on  what  basis,  and  thirdly  a  careful  selection 
of  the  described  micro-species  so  as  to  include  all  the  relatively 
wide-ranging  and  relatively  well-characterised  ones.  The  most 
difficult  decision  concerns  the  local  endemics.  In  some  cases,  such 
as  Alchemilla  faeroensis,  the  species  is  so  well-known  and  so  easily 
distinguished  that  its  exclusion  wTould  be  unfortunate;  in  other 
cases,  however,  such  as  several  dwarf  micro-species  described  by 
Buser  from  the  Alps,  neither  their  total  distribution  nor  their 
morphological  distinctness  is  sufficiently  clear.  Obviously  a  some¬ 
what  arbitrary  line  must  be  drawn  for  the  purposes  of  “Flora 
Europaea. 

The  ‘doubtful’  micro-species  brings  me  to  the  third  practical 
question,  namely :  do  we  need  infra- specific  categories  for 
apomictic  species?  Again,  I  see  no  reason  why  we  should  feel 
obliged  to  adopt  a  different  attitude  here  from  what  we  would  for 
sexual  species — or  rather  for  those  species  which  we  do  not  know 
are  apomictic.  Perhaps  I  could  illustrate  my  point  by  one  or  two 
examples,  again  from  Alchemilla,  since  it  is  the  genus  I  know  best. 
At  least  three  different  kinds  of  genetically-based  variation  have 
been  detected  within  the  wide-ranging  micro-species  of  the  A. 
vulgaris  aggregate,  both  in  Scandinavia  by  Turesson  and  in  Britain 
by  Dr.  M.  E.  Bradshaw.  Some  variation  detectable  by  large-scale 
cultivation  experiments  looks  like  simple  genic  difference,  in  the 
clearest  cases  affecting  a  single  character,  such  as  the  appresse- 
pilosa  forms  of  species  which  typically  have  spreading  hairs.  Such 
variation  would  naturally  be  recognised  in  sexual  species  by  many 
taxonomists  at  the  level  of  forma,  and  it  seems  convenient  and 
appropriate  to  do  the  same  in  Alchemilla.  Much  variation  is 
analogous  to  the  adaptive  ecotypic  variation  in  sexual  species,  and 
concerns  stature,  flowering-time,  etc.  A  good  deal  of  variation  is 
also  found  in  adaptively  neutral  characters  (or  at  least  characters 
to  which  no  adaptive  significance  can  plausibly  be  assigned)  such 
as  leaf-shape,  development  of  anthocyanin  in  stipules,  etc.  If  such 
variation  were  recognised  taxonomically  in  a  sexual  species,  it 
would  usually  be  at  the  level  of  varietas;  again,  exactly  the  same 
thing  might  be  done  with  the  apomict  taxonomy. 

The  third  pattern  of  genetically-based  variation  is  restricted, 
to  my  knowledge,  to  a  single  micro-species  (or  species-pair),  and 
has  been  the  subject  of  special  study  by  Dr.  Bradshaw  in  Britain. 
This  concerns  the  geographical  sub-speciation  of  Alchemilla 
filicaulis,  which,  apparently  throughout  its  range  in  Europe,  shows 
a  more  or  less  clear  differentiation  into  a  more  northern  (and 
mountain)  subspecies  filicaulis  and  a  more  southern  and  lowland 
subspecies  vestita,  with  intermediate  plants  and  intermediate 
populations  in  the  geographically  intermediate  areas.  The  effective 
total  apomixis  of  the  group  makes  genetic  investigation  of  this 
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remarkable  situation  quite  impossible ;  we  can,  however,  recognise 
its  existence  by  the  appropriate  taxonomic  treatment. 

I  should  not  wish  to  leave  the  impression  that  I  think  it 
appropriate  to  use  any  or  all  of  these  intraspecific  categories  in 
all  apomictic  critical  groups.  The  decision  to  use  the  category  is, 
of  course,  a  matter  for  the  expert  in  the  group  concerned.  My 
point  is  merely  that  in  Alchemilla  it  seems  useful  to  do  so,  and 
it  may  well  be  useful  in  other  cases. 

My  final  practical  point  concerns  the  use  of  known  or  presumed 
micro-evolutionary  information  in  the  taxonomic  treatment  of 
apomicts.  In  the  case  of  the  high  polyploid  total  apomicts  like 
Alchemilla  vulgaris  there  is  nothing  to  tell  us  what  has  been  the 
evolutionary  history.  All  we  can  say  is  that  hybridisation  and 
polyploidy  have  been  involved,  and  that  no  putative  low  poly¬ 
ploid  or  diploid  ‘ancestors’  are  known.  The  classification  is  then 
simple  and  natural,  with  groups  of  species  based  upon  correlated 
characters.  It  does  not  matter  what  linear  order  these  groups  are 
arranged  in.  In  the  case  of  Sorbus  or  Rubus  (as  Dr.  Haskell  has 
pointed  out  to  us),  however,  we  have  the  interesting  situation  that 
we  can  recognise,  at  least  to  some  extent,  the  sexual  diploid 
taxa  from  which,  plausibly,  the  polyploid  apomicts  have  been 
derived.  The  taxonomic  treatment  in  both  cases  can  reflect  this 
structure  to  some  extent,  and  it  seems  appropriate  that  it  should 
do  so,  although,  of  course,  a  linear  arrangement  is  an 
unsatisfactory  form  in  which  to  express,  for  example,  the  allopoly¬ 
ploid  hybrid  nature  of  a  Sorbus  micro-species.  Again  the  analogy 
with  procedures  in  the  classification  of  sexual  groups  is  appro¬ 
priate;  for  example,  in  large  genera  such  as  Crepis  and  Silene, 
modern  sectional  arrangements  tend  to  reflect  the  evolutionary 
speculation  that  the  annual  or  ephemeral  sections  are  relatively 
young  and  recent  in  origin  by  placing  them  at  the  end  of  the  linear 
series.  I  see  no  harm  in  this,  provided  the  logic  is  obvious  or 
explained,  and  provided  that  it  is  treated  as  a  device  for  arrange¬ 
ment,  and  not  used  in  a  circular  argument  to  justify  the 
evolutionary  speculation  to  which  it  owes  its  existence. 

I  should  like  to  conclude  by  mentioning  three  ways  in  which 
the  taxonomy  of  apomictic  groups  proves  rewarding  to  the 
specialist.  It  is  often  assumed  by  the  ‘outsider’  that  the  satis¬ 
faction  of  specialised  knowledge  of  an  apomictic  group  is 
essentially  that  of  the  stamp-collector  and  nothing  more.  Whilst 
I  would  be  the  first  to  agree  that  the  acquisitive  instinct  and  the 
satisfaction  of  esoteric  knowledge  play  a  large  part  in  the 
taxonomist’s  enjoyment  of  a  life-time’s  study  of  a  critical  group, 
I  would  suggest  that  there  is  more  to  the  game  than  this.  Firstly, 
patterns  of  geographical  distribution  shown  by  apomictic  micro¬ 
species  have  proved  to  be  of  extraordinary  interest,  and  are  clearly 
relevant  to  the  general  problems  of  the  history  of  our  North 
Temperate  flora.  In  this  field  the  Scandinavian  taxonomists  have 
contributed  the  pioneer  studies,  in  Alchemilla,  Taraxacum  and 
Hieracium,  and  it  is  a  field  in  which  the  amateur  can  still  make 
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interesting  and  important  contributions.  The  forthcoming  critical 
supplement  to  the  B.S.B.I.’s  “Atlas  of  the  British  Flora”  will 
contain  much  information  of  interest,  a  great  deal  of  it  contributed 
by  the  amateur.  Secondly,  it  is  the  apomictic  group  par  excellence 
in  which  legitimate  speculation  on  the  micro-evolutionary  history 
can  be  so  fascinating.  The  wide-ranging  species,  the  relatively 
local  species,  the  presumed  palaeo-endemics  with  no  obvious  close 
relatives,  the  presumed  neo-endemics  with  the  ‘parent’  species — 
all  these  categories  are  evident,  and  in  some  groups  where  apomixis 
is  incomplete,  active  micro-evolution  with  the  production  of  new 
taxa  can  be  experimentally  detected.  This  range  of  phenomena 
raises  fascinating  questions  about  the  rate  of  change  of  apomicts 
and  apomictic  groups — more  questions  than  we  can  hope  to  answer 
with  our  present  knowledge.  Finally,  the  apomictic  group  forces 
us  to  try  to  clarify  our  minds  on  the  questions  of  identity  and 
difference.  With  the  ordinary  sexual  species,  most  of  us  incline 
to  expect  that  if  we  test  two  individuals  assigned  to  that  same 
species,  they  will  prove  to  be  interfertile.  This  is  how  we  like  our 
species,  and  the  coincidence  of  morphological  and  genetical 
boundaries  is  not  sufficiently  poor  to  force  us  wholly  to  abandon 
such  expectations.  With  the  apomictic  species,  however,  we  have 
no  such  possible  criterion.  Two  individuals  are  assigned  to  the  same 
species  on  morphological  resemblance,  and  that  is  an  end  to  it. 
What  do  we  mean  when  we  say  that  Alchemilla  subcrenata  occurs 
in  Upper  Teesdale  and  Weardale  only  in  Britain,  many  hundreds 
of  miles  from  its  nearest  stations  in  Scandinavia  and  Central 
Europe?  Do  we  envisage  a  single  origin  for  all  the  plants  we 
identify  as  this  species?  Are  we  justified  in  assuming  that  A. 
subcrenata  in  Teesdale  could  not  have  originated  in  situ  by  muta¬ 
tion  from  some  other  Alchemilla ?  We  can  point  to  the  numerous 
correlated  characters  distinguishing  this  microspecies ;  but  can  we 
rule  out  the  possibility  that  mutational  change  may  produce  such 
effects  ?  Obviously  we  cannot,  and  it  is  important  that  we  should 
not  assume  what  we  cannot  prove.  The  study  of  the  taxonomy  of 
apomicts  should  lead  us  to  a  proper  humility  in  the  face  of  our 
relative  ignorance. 


Discussion 

Prof.  Webb  made  the  point  that,  neglecting  diplospory,  all  other  types 
of  apomixis  were  equivalent  in  that  they  involved  mitosis  only.  This  also 
applied  to  reproduction  by  bulbils,  rhizomes,  corms,  and  other  organs  that 
effected  vegetative  spread.  Yet  most  attention  had  been  paid  to  agamo- 
spermy  in  considering  the  implications  of  apomixis,  especially  in  such 
famous  genera  as  Hieracium,  Taraxacum,  Rubus,  Antennaria,  Alchemilla, 
Sorbus,  etc.,  whilst  50%  of  all  vascular  plants  in  the  British  flora  are 
facultative  apomicts  because  they  reproduce  largely  vegetatively.  Yet 
apparently  species  such  as  Mercurialis  perennis,  Cladium  mariscus  and 
Lemna  reproduce  very  rarely  by  seed  and  have  turned  almost  entirely 
to  vegetative  reproduction  without  presenting  us  with  the  “species  pro¬ 
blems”  that  are  all  too  common  in  the  agamaspermous  species. 
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Dr.  Walters  replied  that  there  was  a  species  problem  in  Lemna  that 
had  become  apparent  in  the  study  of  this  genus  for  space  reseach,  but 
that  perhaps  it  had  been  overlooked  in  the  past  because  of  the  small  size 
of  these  plants. 

Prof.  Nygren  suggested  that  the  studies  in  the  famous  apomictic 
genera  were  due  to  the  fact  that  agamospermy  had  been  discovered  in 
them  and  that  this  had  led  on  to  more  critical  taxonomic  work. 

Prof.  Webb  did  not  agree  with  this  explanation,  pointing  out  that  there 
was  confusion  in  the  treatment  of  these  groups  long  before  agamospermy 
was  discovered  in  them. 

Dr.  Walters,  reverting  to  Prof.  Webb’s  original  question,  thought  that 
the  answer  might  lie  in  the  complexity  of  the  situations  in  which  poly¬ 
ploidy,  hybridisation  and  apomixis  had  taken  place,  to  produce  a  variation 
pattern  of  great  complexity. 

Prof.  Webb  repeated  his  question  by  asking  whether  it  was  true  that 
when  asexual  reproduction  takes  place  in  the  flower  or  the  inflorescence 
then  confusion  results;  but  if  it  occurs  in  the  vegetative  parts  of  the  plant 
there  is  no  trouble. 

Dr.  Walters  pointed  out  that  in  Potentilla  there  is  taxonomic  difficulty 
even  where  there  is  still  sexuality,  and  that  possibly  a  group  which  has 
passed  through  this  phase  is  then  ‘critical’.  This  might  be  part  of  the 
answer. 

Dr.  Walker  said  that  the  mutational  changes  were  slow  and  that  only 
dominant  ones  showed  up.  Possibly  partial  self-sterility  developed.  This 
was  countered  by  Prof.  Webb  who  stated  that  in  Mercurialis  perennis 
and  the  other  plants  he  had  referred  to,  seeds  were  produced  now  and 
then. 

Dr.  Crosby  said  that  apomixis  differed  from  vegetative  reproduction 
in  several  ways.  Firstly  an  apomictic  species  produced  a  seed  from 
a  single  cell,  whilst  an  organ  of  vegetative  reproduction  is  a  mass  of  cells, 
where  no  one  cell  is  of  prime  importance.  Secondly,  a  mutation  occurring 
in  an  apomictic  egg  might  be  carried  forward  to  affect  the  whole  plant, 
whereas  a  mutation  in  a  cell  of  an  organ  of  vegetative  reproduction 
would  probably  be  lost. 

Another  speaker  pointed  out  that  apomictic  reproduction  could  well 
grow  away  from  a  virus  infection  whereas  this  is  not  usually  so  in  vege¬ 
tative  reproduction. 

Dr.  Wilkins  mentioned  that  reproduction  by  apomixis  used  the  seed 
dispersal  process,  whilst  rhizomes  did  not.  Thus  a  clone  of  Alchemilla 
has  a  wide  distribution,  whilst  a  patch  of  Cladium  does  not. 

Prof.  Webb  wanted  to  know  why  this  should  encourage  uniformity  in 
Cladium,  but  Dr.  Crosby  thought  that  it  might  be  rather  difficult  to  tell 
how  uniform  Cladium  really  was. 

Dr.  Elkington  thought  that  Cladium  might  not  be  distributed  very 
far  by  rhizomes  but  by  seed  distribution  by  water,  from  lake  to  lake, 
but  this  was  countered  by  Dr.  Crosby,  who  said  that  in  that  case  one  would 
expect  variation,  which  in  fact  did  not  exist. 

Dr.  Young  suggested  that  there  was  a  very  strong  case  for  the  investi¬ 
gation  of  Oxalis  species  in  South  America,  since  there  is  a  great 
variation  in  these  species,  which  are  believed  to  reproduce  only  clonally, 
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by  means  of  bulbils.  Several  different  clones  are  known  under  the 
name  of  O.  latifolia,  for  example.  Each  exists  as  a  gardener’s  clone, 
reproducing  by  bulbils  and  sexually  sterile  owing  to  the  trimorphic  nature 
of  the  flowers.  O.  corymbosa  and  O.  debilis  are  perfectly  distinct  in  culti¬ 
vation,  but  Dr.  Young  did  not  know  whether  they  were  specifically  distinct 
or  only  selected  clones  of  one  variable  wild  population.  This  needed  to 
be  studied  in  natural  populations. 

Prof.  Webb  pointed  out  that  it  was  easy  to  assume  that  a  mutation 
occurred  in  a  particular  part  of  a  cell  lineage,  but  it  was  more  difficult 
to  know  in  which  nucleus  they  occurred — in  pollen  grain  or  pollen  mother 
cell,  for  example.  It  would  probably  be  of  importance  to  know  this. 
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GENERAL  DISCUSSION 


OPENING  REMARKS 

D.  H.  Valentine 


I  think  you  will  agree  that  we  have  had  an  excellent  Conference 
and  a  series  of  most  interesting  papers.  These  have  illustrated 
the  nature  of  the  background  against  which  the  modern 
systematist  must  view  his  data.  I  think  we  are  all  fully  conscious 
of  the  dangers  of  looking  at  plants  merely  as  dead  things  on  sheets 
of  herbarium  paper;  and  previous  Conferences  have  emphasised 
the  importance  of  studying  living  plants  in  relation  to  both  habitat 
and  climate.  What  this  Conference  has  shown  is  the  importance 
of  looking  at  plants  as  reproducing  organisms,  and  of  studying  the 
process  of  genetic  flow  from  generation  to  generation. 

I  shall  try,  in  opening  this  final  discussion,  to  pick  out  some 
of  the  points  which  seem  to  me  to  have  been  insufficiently  dis¬ 
cussed,  or  even  not  mentioned  at  all.  The  first  of  these  concerns 
breeding  systems.  We  have  heard  a  good  deal  about  outbreeding 
and  apomixis  but  rather  less  about  inbreeding.  The  taxonomic 
problems  of  inbreeders  have  much  in  common  with  those  of 
apomicts,  and  I  think  it  would  be  useful  in  the  discussion  if  some¬ 
one  were  to  comment  on  the  taxonomy  of  some  inbreeding  groups, 
such  as  the  small-flowered  Cruciferae. 

The  second  point  is  that  of  breeding  systems  in  groups  other 
than  the  flowering  plants.  I  believe  I  am  correct  in  saying  that 
all  the  conifers  and  all  the  ferns  are  self-compatible;  and  it  was 
suggested  some  years  ago  by  Whitehouse  that  the  evolution  of 
self-incompatibility  was  causally  correlated  with  the  closure  of 
the  carpel  and  the  evolution  of  the  angiosperms.  This,  of  course, 
also  touches  on  the  perennial  problem  of  the  earliest  angiosperms 
and  the  question  as  to  whether  angiosperm  evolution  was  also 
linked  with  the  development  of  insect  pollination. 

Thirdly,  although  we  have  had  a  fascinating  account  of  the 
pollination  mechanisms  in  tropical  orchids  and  have  been  told  a 
great  deal  about  the  role  of  honey  bees  as  pollinators  in  this 
country,  the  importance  of  animals  other  than  bees  as  pollinators 
has  hardly  been  touched  upon;  and  it  would  be  both  interesting 
and  profitable  if  this  could  be  dealt  with  by  one  of  the  members. 
Research  on  pollination  mechanisms,  one  is  glad  to  know,  has 
recently  been  revived,  but  there  is  a  great  deal  still  to  be  learnt, 
even  about  the  common  flowers  of  our  countryside. 
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The  fourth  point  concerns  vegetative  reproduction.  This  has 
been  touched  upon  in  the  accounts  of  both  grasses  and  ferns  but 
the  subject  has  a  wide  application  in  both  wild  and  cultivated 
plants.  For  example,  a  great  many  perennial  crop  plants  are,  for 
very  good  reasons,  propagated  vegetativelv  (potatoes  and  sugar 
cane  are  examples  which  come  immediately  to  mind),  and  this 
aspect  of  vegetative  reproduction  could  certainly  bear  further 
discussion. 

The  fifth  point  is  concerned  with  plant  dispersal  and  especially 
dispersal  over  very  long  distances.  This  was  discussed  by  Pro¬ 
fessor  Webb,  who  claimed  that  we  were  very  ignorant  on  this 
matter;  but  I  do  not  think  that  we  are  quite  so  ignorant  as  he 
has  stated.  Indeed,  I  believe  there  is  a  good  deal  of  circumstantial 
evidence,  at  least,  in  favour  of  the  view  that  long-distance  dis¬ 
persal  has  been  an  important  factor  in  the  history  of  the  flowering 
plants.  For  example,  the  very  large  gaps  between  N.  and  S. 
America  in  the  distribution  of  certain  closely  related  species  of 
Clarkia  and  Primula  may  be  quoted.  Dispersal  over  medium 
distance,  of  about  100  miles,  is  also  worth  discussion  and  I  believe 
that  Professor  Bakker  has  some  recent  observations  made  in 
Holland  which  are  relevant  here. 

The  sixth  point  concerns  the  effect  of  environmental  factors 
on  breeding  mechanisms,  and  this  has  been  touched  upon  both  by 
Professor  Nygren  and  Dr.  Walker.  Professor  Nygren  pointed 
out  that  in  some  plants,  a  change  from  sexuality  to  vivipary,  and 
the  reverse,  can  be  brought  about  bv  a  change  of  environmental 
conditions.  One  would  verv  much  like  to  know  whether  this  is 
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also  true  of  seed  apomixis.  Can  one,  for  example,  take  a  plant 
which  is  normally  sexual  and  bv  changing  the  environment,  induce 
seed  apomixis?  Similarly,  the  effect  of  environment  in  bringing 
about  other  forms  of  vegetative  reproduction,  such  as  the  forma¬ 
tion  of  bulbils,  is  also  worth  discussion. 

In  conclusion  it  might  be  worth  considering  the  papers  we 
have  heard  from  the  point  of  view  of  future  B.S.B.I.  activities.  It 
is  perhaps  not  very  easy  to  define  the  activities  of  an  average 
B.S.B.I.  member,  even  if  such  a  person  exists,  but  one  can  perhaps 
say  that  the  normal  activities  of  a  member  are  to  watch  and  study 
vascular  plants  with  loving  care  and  attention.  What,  then,  does 
this  Conference  suggest?  I  think  that  one  of  the  speakers  yester- 
dav  mentioned  that  we  should  study  breeding  systems  because 
of  their  importance  in  taxonomv;  and  it  is  true  that  many  of  us 
know  little  about  them  and  that  many  common  fallacies  still 
persist.  For  example,  in  a  film  shown  last  night,  the  dandelion 
was  used  to  illustrate  pollination  methods,  in  spite  of  the  fact 
that  it  has  been  well  known  for  many  years  that  most,  if  not  all, 
of  the  British  dandelions  are  apomictic  and  that  pollination  has 
no  effect. 

I  think  the  Society  could  organise  work  along  these  lines.  There 
is  much  that  can  be  learnt  by  careful  observation  as  has  been 
shown  by  Dr.  Free  in  his  talk  about  honey  bees.  I  was  particularly 
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interested  in  his  account  of  the  extrafloral  nectaries  in  the  broad 
bean,  and  I  wonder  if  the  extra  floral  nectaries  in  other  p’ants, 
such  as  the  Guelder  Rose,  are  similarly  visited  by  insects.  There 
is  also  a  good  deal  that  can  be  done  by  simple  experimentation. 
There  are  many  flowers,  such  as  the  bluebell,  which  will  open 
indoors,  which  can  be  easily  pollinated  and  in  which  the  beginnings 
of  seed  set  can  be  observed.  It  is  thus  quite  possible  to  make 
cross-  and  self-pollinations  of  a  number  of  common  plants  even 
though  no  special  greenhouse  facilities  are  available.  One  can 
think  of  the  housewife  at  the  kitchen  sink  with  a  row  of  plants 
on  the  window-ledge  in  front  of  her,  carrying  out  her  daily  experi¬ 
ments  and  making  her  daily  observations.  I  believe  it  was  Pro¬ 
fessor  Lewis  that  said  that  so  far  as  he  knew,  there  was  no  self¬ 
incompatibility  in  the  Umbelliferae.  I  do  not  know  how  many 
members  of  this  family  have  been  investigated  but  I  suspect  that 
the  number  is  very  small;  and  it  should  not  be  difficult  to  get 
more  information  about  British  species.  Again  in  the  dandelion  it 
is  certainly  very  easy  to  carry  out  emasculation  experiments,  and 
these  could  very  well  be  tried  in  many  other  plants  where  apomixis 
is  suspected. 

Two  other  points  which  need  investigation  over  a  wide  field 
are  the  extent  to  which  seed  is  actually  set  from  year  to  year  in 
British  plants,  and  also  the  extent  to  which  the  seeds  germinate, 
particularly  under  natural  conditions.  The  ecological  aspects  of 
seed  dormancy  and  germination  were  discussed  by  both  Professor 
Harper  and  Professor  Wareing,  and  observations  on  these  matters 
are  relatively  easy  to  make.  It  is  true  that  information  of  this 
kind  is  incorporated  in  the  accounts  published  in  the  “Biological 
Flora  of  the  British  Isles”  by  the  British  Ecological  Society;  but 
here  perhaps  is  a  case  where  co-operation  between  the  two  Societies 
could  profitably  be  arranged. 
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Dr.  Walters,  continuing  the  discussion  on  apomixis,  referred 
to  Prof.  Nygren’s  statement  of  the  importance  of  whether  the 
detailed  taxonomic  studies  on  a  group  were  carried  out  before  or 
after  the  knowledge  of  apomixis  developed.  In  Poa  it  seemed  that 
if  we  had  not  been  interested  in  apomixis  we  would  not  have 
thought  Poa  to  be  critical  and  might  well  just  have  accepted  P. 
trivialis,  P.  pratensis  and  other  Linnean  species  without  question. 

Mr.  Dickinson  asked  whether  there  were  any  such  difficulties 
noted  with  self-fertilising  plants. 

Dr.  Walters  replied  that  indeed  these  were  well  known  to  be 
“difficult”,  and  cited  Euphrasia  as  an  example  of  a  largely  self- 
pollinating  group  of  species.  On  the  whole,  Dr.  Yeo  agreed  with 
this,  though  with  some  reservations. 

Dr.  Crosby  made  the  point  that  although  one  talked  about 
inbreeding  and  outbreeding  species,  very  few  plants  are  completely 
self-pollinating,  and  that  only  a  little  outcrossing  is  needed  to 
maintain  variability.  The  situation  might  resemble  apomixis  but 
it  should  not  be  approached  with  the  fixed  ideas  developed  for 
apomixis.  There  were  of  course  the  well-known  largely  self- 
pollinating  groups  such  as  Erophila  and  Capsella,  and  indeed  there 
was  a  great  deal  of  self-pollination  in  the  two  families  Carvo- 
phvllaeeae  and  Cruciferae. 

Miss  Gibbons  noted  that  the  leaf  shape  was  a  good  character  in 
Erophila,  but  was  not  mentioned  in  Floras.  There  was  a  small¬ 
leaved  form  on  sand  dunes  and  also  in  gardens. 

Dr.  Walters  agreed  that  the  leaves  varied,  but  doubted 
whether  the  variation  could  be  described  accurately,  or  that  the 
different  leaf  types  could  always  be  distinguished. 

Prof.  Hawkes  mentioned  that  Arctium  was  a  fairly  critical 
group  which  was  self-pollinating,  and  also  Bromus,  on  which  some 
work  had  been  in  progress  at  Birmingham.  Although  inbreeding 
is  the  dominant  method  of  reproduction,  evidently  occasional 
outbreeding  occurs,  thus  producing  extra  variability  in  the  form 
of  a  further  series  of  pure  lines  after  a  limited  number  of  further 
generations  of  inbreeding. 

Mr.  Allen  said  that  it  was  not  often  realised  how  transported 
soil  was  becoming  important  as  a  dispersal  mechanism,  particu¬ 
larly  in  southern  England,  where  soil  is  brought  to  gardens,  fields 
and  parks.  Possibly  this  situation  is  exploited  by  some  weed 
species  with  special  biotvpes  promoting  vegetative  reproduction. 

Dr.  Crosby  asked  Mr.  Allen  why  soil  transportation  should 
promote  vegetative  reproduction. 


GENERAL  DISCUSSION 


173 


Mr.  Allen  replied  that  he  was  thinking  of  the  rapid  spread 
of  bulbiferous  forms  of  Ranunculus  jicaria  which  reproduce  pre¬ 
dominantly  vegetatively,  and  which  could  therefore  be  spread 
rapidly  by  soil  transport. 

Dr.  Crosby  replied  that  weed  seeds  could  also  be  transported 
in  this  way. 

Mrs.  Russell  thought  that  flower  hunters  could  distribute 
species  by  collecting  material — she  herself  had  done  this 
unintentionally  with  Impatiens  glandulifera  in  her  garden.  In 
five  years  it  had  become  well  established  and  she  was  surprised  to 
see  an  excited  botanist  recording  this  as  a  plant  new  to  Essex 
when  it  came  up  by  a  stream-side  at  the  bottom  of  her  garden. 

Dr.  Young  said  that  some  species  may  be  able  to  colonise  new 
habitats  when  they  are  forced  out  of  their  own,  e.g.  Epipactis, 
which  is  being  forced  out  of  forests  because  of  large  scale  tree 
felling.  Since  these  were  obligate  self-fertilisers  they  should  in 
1,000  years’  time  be  as  critical  as  anything  known  now.  He 
thought  that  the  Erophila  species  of  Surrey  were  very  different 
from  each  other. 

Dr.  Yeo  said  that  in  Rubus  we  have  displacing  geographical 
types  which  Watson  called  species.  He  thought  perhaps  if  they 
were  called  subspecies  their  taxonomy  might  be  made  easier. 

Dr.  Walters  agreed  that  each  case  must  be  looked  at  on  its 
merits  and  that  the  application  of  binomials  should  not  be 
regarded  as  a  cause  for  worry. 

Dr.  Dony  warned  that  it  would  be  futile  to  abandon  the  present 
classification  of  Rubus  unless  there  was  a  workable  system  to 

replace  it. 

Prof.  Webb  thought  that  the  decision  should  depend  on  how 
clear  a  distinction  one  wanted  to  make.  Some  might  be  called 
species  and  the  subordinate  ones  subspecies,  but  they  could  be 
called  species  if  one  were  able  to  key  them  out  unambiguously. 

Mr.  G.  Smith,  returning  to  the  discussion  on  Erophila,  stated 
that  the  Scottish  species  were  very  variable.  He  wras  at  the 
moment  engaged  in  an  investigation  of  this  group  and  would  wel¬ 
come  material  from  other  parts  of  the  country. 

Miss  S.  Edwards  mentioned  a  survey  she  had  been  carrying 
out  on  Eschscholtzia  species  from  the  south-west  U.S.A.  and 
Mexico,  in  which  there  were  very  many  species  and  varieties,  with 
no  genetic  barriers  and  obligate  outbreeding.  They  show  seed 
periodicity  and  great  variation  resulting  from  varying  types  of 
selection  pressure  on  a  uniform  seedling  population.  This  situa¬ 
tion,  she  pointed  out,  could  produce  large  numbers  of  different 
herbarium  “species”  and  “varieties”.  In  response  to  a  question 
from  Dr.  Walters,  Miss  Edwards  stated  that  all  her  material  wTas 
from  natural  collections,  and  that  although  names  had  been  given 
to  a  lot  of  these  by  Greene,  some  of  which  had  been  considered 
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to  be  of  doubtful  validity,  she  personally  thought  there  were 
plenty  of  correlated  differences. 

Dr.  Brummitt  mentioned  that  he  had  looked  at  Greene’s 
Calystegias  and  had  recognised  13  out  of  his  15  species,  and 
thought  that  Greene  had  been  unnecessarily  maligned.  Professor 
Webb  agreed  on  this  point. 
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Ethological  isolation  .  76,  81 

Eucera  .  64 

Euglossa  .  68 

Euglossid  .  64,  66ff,  72 

Eulaema  .  68 

Euonymus  japonica  .  107 

Euphorbia  dulcis  .  134 

Euphorbia  exigua  .  110,  112 

Euphorbia  peplus  .  112 

Euphrasia  .  172 

Euplusia  .  68 
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Eurasia  .  52 

Europe  .  .  59,  69,  74,  96,  98,  1351, 

141ff,  150,  163f,  166 
Extranuclear  variability  .  56i 

Fagaceae  .  114 

Fagus  .  96 

Fagus  sylvatica  .  107 

Faroes  .  70 

Ferns  .  152ff,  169f 

Fertilization,  commercial  control 

of  .  42 

Festuca  .  135 

Finisterre  Mountains  .  160 

Flax  .  51 

Flowering,  climatic  control  of  .  .  52 

Fly-pollinated  species  .  .  64f,  70, 

72,  74,  91 

Fly-traps  .  72f 

Fodder  .  127 

Forsythia  suspensa  .  107 

Fragaria  vesca  .  81 

France  .  98 

Fraxinus  .  96,  114 

Fraxinus  excelsior  108,  114,  116 

Freesia  .  91 

Galeopsis  angustijolia  .  112 

Gentiana  spp .  106 

Geographical  isolation  .  81 

Geraniaceae  .  105 

Germany  .  59 


Germination.  .  .  29ff,  94f,  103fT, 

122f,  144,  147,  171 
Germination,  conditions  affecting  104ff 


Germination  inhibitors  108f,  112f,  116 

Germination  promotors  .  109 

Gesneriaceae  .  114 

Gilia  capitata  .  80 

Gleichenia  pectinata  .  158 

Gongora  .  68 

Gramineae  .  .  20f,  23,  52,  57,  114, 

132ff,  147,  170 

Grammatophyllum  speciosum  .  .  70 

Grasses,  see  Gramineae 

Grassland  .  51f,  127f 

Great  Britain  .  .  98.  104,  115,  127, 

141f,  146ff,  158,  164,  166,  170f 

Greenhoods  .  72 

Greenland  .  135 

Groundsel  .  101 

Guelder  Rose  .  171 

Guidance  mechanism  in  flowers 

68,  72f 

Gymnadenia  conopsea  .  71 

Habenaria  .  70 

Halophytes  .  118 

Hand  pollination  .  46 

Hayward,  M.  D .  54,  59 

Hawkins,  R.  P .  4 If 

Hebrides  .  97 


Hedera  helix  .  107 

Helianthemum  chamaecistus  .  .  107 

Helianthus  annuus  .  77,  81,  85 

Heracleum  sphondylium  .  106 

Herminium  .  64 

Hertfordshire  .  144 

Hesperiidae  .  71 

Heterozygosity  .  .  15,  18,  20,  41,  45 

53,  57,  145 

Hieracium .  135,  137,  163,  165f 

Hieracium  subgen.  Archieracium  132 

Hieracium  subgen.  Pilosella  ....  133 

Hieracium  spp .  114 

Holland  .  170 

Homozygosity  .  16,  43,  45,  81 

Honey-bees  .  37,  44,  76ff,  169f 

Hordeum  .  106 

Hoverflies  .  78 

Humming-birds,  pollination  by 

72,  75f 

Hungary  .  142 

Hybrid  beans,  production  of  .  .  45 

“Hybrid  corn’’  method  .  .  42f,  46,  60 

Hybrid  sterility  .  127ff 

Hybridization,  .  .  26,  31,  361f,  40ff, 

49,  51,  63,  66,  79ff,  84,  86,  115, 
124ff,  128f,  134,  136,  142ff,  154, 

156ff,  165,  167 

Hymenoptera  .  64,  70 

Hypericum  .  133 

Hypericum  perforatum  .  117 

Ice  Age  .  141 

Ichneumonidae  .  64 

Impatiens  glandulifera  .  173 

Impatiens  parviflora  .  112 

Imperfect  fungi  .  14 

Inbreeding  ....  15ff,  36,  41ff,  51f, 

56,  59f,  128,  145,  150,  169,  172 
Inbreeding  coefficient  .  .  41f,  44f,  47f 
Inbreeding  depression,  .  .  52,  59, 

128,  145,  150 

Incompatibility  ....  20ff,  41ff,  52, 

59,  63,  76,  126,  144f,  150,  167, 

169,  171 

Inheritance,  tetrasomic  .  47 

Insect  pollination  .  .  40f,  44,  62ff, 

76ff,  81,  124,  144f,  169 

Interference  .  34 

Intermittent  germination  .  .  110,  116 
Interspecific  hybridization  . .  31, 

37f,  115,  126,  136,  147 

Ireland  .  98,  99,  141,  146 

Iris  pseudacorus  .  107 

Irish  perennial  ryegrass,  53,  55,  59 

Isle  of  Man  .  142 

Isochilus  carnosiflorus  .  72 

Italy  .  142 

Ixeris  .  132 


Jamaica  .  158,  160 

Java  .  68 
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Jersey  .  101 

Juglans  .  96 

Juncus  tenuis  .  107 

Juncus  spp .  107,  114 

Juniperus  communis  .  106 

Kentish  perennial  ryegrass  ....  53 

Kerry  .  98 

Kew  Gardens  .  134 

Killarney  .  99 

Kochia  indica  .  109 

Labiatae  .  69 

Lactuca  .  106 

Lactuca  scariola .  107 

Laelia  .  71 

Lake  Cajuga  .  145 

Lantana  camara  .  77 

Leguminosae  . 20ff,  105,  108 

Leguminous  crops  .  40 

Lemna  .  166f 

Leontodon  hispidus  .  132 

Lepidoptera  .  70f,  76 

Lettuce  .  106 

Leucorchis  .  70 

Lewisia  rediviva  .  104,  117 

Light  sensitivity  of  seeds .  107ff 

Liliaceae  .  64,  132 

Limnanthes  douglasii  .  79 

Linaria  vulgaris  .  80 

Lissopimpla  .  65 

Listera  .  64 

Lobelia  dortmanna  .  95 

Loganberry  .  145 

Lolium  loliaceum  .  51 

Lolium  multijlorum  .  52 

Lolium  perenne  .  52ff 

Lolium  remotum  .  51 

Lolium  rigidum  .  52,  54 

Lolium  temulentum  .  51 

Lolium  spp .  51,  56 

Lucerne .  40,  46ff,  59 

Lucerne,  Flamande  type  .  46 

Lucerne,  Flemish  type  .  46 

Lycaste  .  67,  71 

Lycopersicum  esculentum  .  60 

Lythrum  salicaria  .  22,  107,  121 

Maize  .  57,  106 

Malus  .  143 

Malvaceae  .  105 

Masdevallia  .  72f,  92 

Masdevallia  rosea  .  72 

Matricaria  inodora  .  110 

Maxillaria  sanderiana  .  66 

Maxillaria  spp .  66,  70,  72 

Maxillariinae  .  65 

Medicago  section  Falcago  .  49 

Medicago  falcata . 49,  59 

Medicago  lupulina .  110 

Medicago  sativa  .  .  40,  49,  59,  77,  85 
Medicago  varia  .  59 
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Mediterranean  .  26,  52,  142 

Megachile  .  78 

Melilotus  .  82 

Melipona  .  70 

Mercurialis  perennis  .  166f 

Mexico  .  173 

Midges  .  73 

Mignonette  .  83 

Miltonia  .  71 

Mojave  desert .  112 

Mollugo  hirta  .  118 

Monmouthshire  moor  .  54f,  58 

Monomeria  .  73 

Monophily  .  63 

Monotropa  .  101 

Mormodes  .  67 

Mormolyce  .  65 

Moths  .  70f,  74,  77 

Mustard  .  83 

Mycotrophous  seeds  .  62 

Myophily  .  65,  70,  72f 

Myosotis  ramosissima  .  Ill 

Natural  Selection .  13,  15,  19 

Nectaries  .  64ff,  77,  171 

Neottieae  .  71 

Neottioideae  .  65 

Netherlands  .  115 

New  Guinea  .  72,  158,  160 

New  York  State  .  145 

Nicotiana  .  22,  106 

Nigella  damascena  .  107 

Nigritella  .  71 

Noir-mount  Manor  .  101 

North  America  .  .  114,  132,  135f, 

141,  148,  150,  170 
Nototribic  pollination  .  74 

Oak  .  117 

Oats  .  16,  106,  116 

Odontoglossum  grande  .  72 

Odontoglossum  kegeljani  .  70 

Odour  preference  .  68,  72,  80f 

Odour  production  in  orchids,  63ff,  92 

Oenothera  biennis  .  107,  113 

Oenothera  odorata  .  106 

Oenotheras  .  15,  41 

Onagraceae  .  21 

Oncidiinae  .  65 

Oncidium  .  66,  68,  72,  74 

Oncidium  hyphaematicum  .  66 

Oncidium  papilio  .  72 

Oncidium  planilabre  .  66 

Oncidium  stipitatum  .  66 

Ononis  repens .  110 

Ophioglossum  .  160 

Ophioglossum  vulgatum  .  158 

Ophioglossum  sp .  158 

Ophrydeae,  South  African .  74 

Ophrys  .  64f,  92 

Opuntia  aurantiaca  .  134 

Orchids  .  62ff,  91 
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Orchis  .  69f,  74 

Orchis  alhida  .  70 

Orchis  globosa  .  71 

Orchis  ustulata  .  70f 

Ornithophily  .  71f 

Oryza  .  106 

Outbreeding -  15ff,  21,  23f,  34, 

52f,  56f,  59f,  124,  126,  169,  172 

Oxalis  .  167 

Oxalis  corymbosa  .  168 

Oxalis  debilis  .  168 

Oxalis  latifolia  .  168 

Oxford  .  27 

Oxlip  .  125 

Panama  .  66 

Papaver .  26,  115 

Papaver  apulum  .  28 

Papaver  argemone  .  26ff 

Papaver  dubium  .  26ff,  110 

Papaver  hybridum  .  26ff 

Papaver  lecoqii  .  26ff 

Papaver  rhoeas  .  26ff,  110 

Papaveraceae  .  82 

Paphiopedilium  .  73 

Papilionaceae  .  40,  69 

Paris  .  96 

Parthogenesis  .  17,  131f 

Pasadena,  the  phytotron  at  ....  135 

Passiflora  mutilans  .  24 

Passiflora  spp .  24 

Pear  .  83,  92 

Peas . 40f,  49,  106 

Pedicularis  .  81 

Perennials .  52.  54ff 

Periodic  germination  .  110 

Pescatoria  .  67 

Petunia  axillaris  .  21 

Phacelia  tanacetifolia  .  107 

Phaius  .  68 

Phlox  drummondii  .  107 

Photoperiodism,  in  seeds  .  108 

Phragmites  .  129 

Phragmopedium  .  73,  92 

Phytotron  experiments  .  135 

Picea  spp .  106 

Pinus  .  96 

Pinus  spp .  106 

Plantago  lanceolata  .  97 

Plasmatypes  .  55 

Plasmon  variability .  55f,  60 

Platanthera  .  70 

Pleistocene  .  144,  148 

Pleurothallidinae  .  72 

Plum  .  83 

Poa .  133,  135ff,  172 

Poa  alpina .  133ff 

Poa  ampla  .  136 

Poa  annua  .  110 

Poa  bulbosa  .  117,  135 

Poa  chaixii  .  135 

Poa  compressa  .  105 
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Poa  pratensis .  136,  172 

Poa  scabrella .  117,.  136 

Poa  trivialis  .  172 

Poland  .  135 

Pollination  .  .  40f,  43f,  46ff,  62ff, 

70ff,  90f,  123f,  144f,  169 
Pollination,  by  bees  ....  40ff,  46, 

48f,  61,  64ff,  71,  73,  76ff,  123, 

145,  169 

Pollination,  by  birds  ....  71f,  75,  91 


Pollination,  by  butterflies  .  .  70, 


74,  77 

Pollination,  by  diptera .  72,  76 

Pollination,  by  flies  .  .  65,  70,  72, 

74,  78.  91 

Pollination,  by  hand  .  46 

Pollination,  by  insects  .  .  40f,  44, 

62ff,  76ff,  81,  124,  144f,  169 

Pollination,  by  moths  .  .  70f,  74,  77 

Pollination,  by  thrips  .  145 

Pollination,  by  wasps .  64ff 

Pollinator  specificity  .  63 

Pollinium,  development  of .  62f 

Polygenic  systems  of  variation 

53f,  57 

Polygonalum  commutatum  ....  107 

Polygonum  aviculare .  110,  114f 

Polygonum  coccineum  .  114 

Polyonum  fagopyrum  .  82 

Polygonum  hydropiperoides  ....  115 

Polygonum  persicaria  .  114 

Polygonum  spp . 106.  Ill,  114 

Polymorphism,  seed .  115f.  120f 

Polyploidy  ....  21ff.  49.  135,  141ff. 

156,  161,  165,  167 

Polypodium  dispersum  .  152 

Poncirus  trifoliata  .  134 

Poppy  spp .  26ff 

Poppy  spp,  British  distribution  of  27 

Portugal  .  142 

Post-glacial  period  .  98,  146f 

Post-Tertiary  period  .  145 

Potatoes  .  14,  16,  170 

Potentilla  .  133,  167 

Primrose  .  122f,  125ff 

Primula  .  170 

Primula  elatior  .  125 

Primula  japonica  .  22 

Primula  veris  .  123,  127 

Primula  vulgaris  .  122f,  125ff 

Primulaceae  .  22 

Primulaceae,  Candelabra  section 

of  .  22 

Protorchis  .  66 

Prunus .  77,  85.  96 

Prunus  avium  .  22 

Prunus  cerasus  .  22 

Prunus  persica  .  106 

Pseudocopulation  .  64ff 


Pseudocopulation,  syndrome  ....  66 

Pseudogamv  .  133f.  136.  144ff 

Pseudo-sexual  reproduction  14ff  19 
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Psychodid  .  73 

Psychophily  .  71f,  74 

Pteridium  aquilinum  .  158 

Pteris  .  155f,  162 

Pteris  argyraea  .  156 

Pteris  confusa  .  156 

Pteris  cretica  .  156 

Pteris  multiaurita  .  156f 

Pteris  quadriaurita  .  156f 

Pterostylis  . • .  72 

Pyrenees  .  142 

Pyrola  .  101 

Pyrus  .  77,  85 

Pyrus  malus  .  85 

Pyrus  spp .  106 


PAGE 


Rubus  localis  .  136 

i  Rubus  meracus  .  136 

Rubus  moschus  .  142 

Rubus  rosa  .  148 

Rubus  tomentosus  .  142 

Rubus  ulmifolius  .  .  142,  144,  146,  148 

Rubus  ulmifolius  inermis  .  144 

Rudbeckia .  132 


Rumex  crispus  ....  31,  104,  107, 

113,  115,  120 

Rumex  obtusifolius  ....  31,  108, 

115,  120 

Russia  .  114 

Rye  .  116 

Ryegrass  .  51,  53ff,  57,  59 


Quasi-simultaneous  germination  110 


Quercus  .  96,  114 

Quercus  robur  .  107 

Radish  .  82f 

Ranunculus  auricomus  .  133 

Ranunculus  ficaria  .  105,  173 

Ranunculus  sceleratus  .  107f 

Raspberry . .  142f,  145,  147,  150 

Red  core  disease  .  59 

Reproductive  system  . .  13ff,  20ff, 

26f,  40f,  51,  56,  147,  152ff,  169f 

Reproductive  capacity  ....  122ff,  128f 

Reseda  lutea  .  82 

Restrepia  .  73 

Rhamnus  .  96 

Ribes  .  96 

Ribes  grossularia  .  106 

Rice  .  104,  106 

Robinia  pseudacacia  .  105,  110 

Rock  plants  .  117 

Rockrose  .  82,  98 

Rosa  spp .  106 

Rosaceae  .  21,  114,  132f,  162 

Rubiaceae  .  20 

Rubus  (Rubi)  ....  96f,  133,  135f, 

141  ff,  162,  165f,  173 

Rubus  subgen.  Idaeobatus  ....  141f 


Rubus  section  Appendiculati,  142,  146 
Rubus  section  Discolores  .  .  142,  146 
Rubus  section  Glandulosi  . .  142,  146 
Rubus  section  Sprengeliani  ....  146 


Rubus  section  Sylvatici  .  146 

Rubus  section  Triviales  .  144 

Rubus  abactus  .  136 

Rubus  alleghensis  .  136,  141 

Rubus  alnicola  .  142 

Rubus  arcticus  .  141 

Rubus  bellobatus  .  136 

Rubus  bollei  .  142 

Rubus  caesius  .  148ff 

Rubus  canadensis  .  136 

Rubus  flagellaris  .  136 

Rubus  fruticosus  .  79,  141,  148 

Rubus  idaeus  .  79,  142f 

Rubus  incanescens .  142 


Saccharum  officinarum  .  133 

Sagina  procumbens  .  110 

Sagittaria  sagittifolia  .  104 

Salisbury,  E.  J .  96,  99 

Salix  .  113 

Salvia  .  82 

Salvia  carduacea  .  77 

Sapromyophily  .  72f 

Sarothamnus  scoparius  .  85 

Saxifrag a  tridactylites  .  Ill 

Scandinavia  .  27,  164ff 

Schyzophyllum  .  23 

Scilla  non-scripta  .  81 

Scirpus  .  106 

Scitamineae  .  64 

Sclerotinia  trifoliorum  .  43 

Scoliid  wasps  .  66 

Scotland  ....  100,  101,  124,  141f, 

146,  173 

Scrophulariaceae  .  20,  21 

Seed  dormancy  ....  29,  103ff,  120,  171 

Seed  longevity  .  103 

Seed  production .  48 

Selenipedium  .  73 

Self-compatibility, 

See  Self-fertility. 


Self-fertility  .  .  20ff,  35,  37f,  40f, 

43,  48,  51,  126ff,  144f,  169,  172f 
Self-incompatibility  ....  4 Iff ,  52, 

126,  150,  167,  169,  171 


Senecio  vulgaris  .  110 

Severn  estuary  .  54 

Sexual  deceit  .  64f 

Silene  .  165 

Sinapis  alba  .  104,  109,  113f 

Sirks,  M.  J .  44 

Skippers  .  71 

Sobralia  .  66,  69f 

Sobralia  amabilis  .  72 

Sobralia  macrantha  .  67 

Solanaceae  . 20ff  105 

Solanum  .  22,  96 

Somerset  .  101 

Sonchus  oleraceus  .  110 

Sophronitis-Laelia-Cattleya 

complex  .  72 
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Sorbus  .  96,  165f 

Sorbus  aucuparia  .  106,  108 

South  Africa  .  91 

South  African  Ophrydeae  .  74 

South  America  .  167,  170 

Spain  .  98 

Spergula  arvensis  ....  110.  114f,  120 

Sphagyium  .  98f 

Sphingids  .  71 

Spider  orchids  .  70 

Spiranthes  .  69 

Spiranthes  aestivalis  .  70 

Spiranthes  spp .  71 

Spitzbergen  .  135 

Stanhope  a  spp .  68 

Stanhopeinae  .  65,  67 

Stapledon,  R.  G .  51 

Stelis  .  73 

Stellaria  media  .  110,  114 

Stellilabium  .  65 

Sternotribic  pollination  .  74 

Strawberry  .  59 

Sugar  beet  .  109,  115 

Sugar  cane  .  170 

Sunflower  . 77,  84 

Surrey  .  173 

Swede  .  80 

Sweden  .  115,  135,  141,  150 

Switzerland  .  135 

Synchrony  of  flowering  plants 

and  some  animals  .  61 

Syrphids  .  70 

Tachinid  flies  .  65 

Tamus  .  96 

Tamus  communis  .  107 

Taraxacum  .  132f,  135f,  165f 

Taraxacum  officinale  .  81f 

Tatra  mountains  .  135 

Taughannock  Falls  .  145 

Taxus  .  96 

Tectaria  .  160 

Teesdale  .  166 

Teesdalia  nudicaulis  .  .  104,  106, 

lllf,  116 

Telipogon  .  65 

Thelypteris  phegopteris  .  154 

Three  Castle  Head  .  98 

Thrixspermum  .  70 

Thrush  .  146 

Thymus  drucei  .  97 

Torilis  arvensis  .  110 

Transylvania  .  142 

Traunsteinera  .  70 

Trichoceros  antennifera  .  65 

Trichopilia  .  67 

Trifolium  arvense .  105 

Trifolium  hybridum  .  21 

Trifolium  pratense  .  .  77,  83,  85,  104 

Trifolium  repens  .  81,  104 

Trifolium  subterraneum  .  105 

Trifolium  spp .  106 
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Trigona  .  65,  70 

Trigonidium  obtusum  .  65 

Trinidad  .  68,  158,  160 

Tsuga  canadensis  .  108,  114,  116 

Tuberaria  guttata  .  98 

Turesson,  G .  164 

Turnip  .  83 

Typha  latifolia  .  104,  106 

Ulmus  .  96f 

Umbelliferae  .  20,  171 

United  States  of  America  .  .  48,  173 
Urtica  dioica  .  97 

Vaccinium  m.yrtillus  .  80 

Valerianella  locusta  .  Ill 

Vanda  .  68 

Variation,  ecotypic  .  51 

Variation,  extranuclear  ....  56f.  59 


Variation,  nuclear  (genetical) 

16f.  57,  59 

Variation,  polygenic  systems  of 

53f,  57 


Vegetative  reproduction  ....  13, 
122,  125,  128f.  131,  145,  158, 


160f, 

Vernalization  . 

Veronica  agrestis 
Veronica  hederifolia 
Veronica  persica  .  .  .  . 

Vespidae  . 

Viability  of  seeds  .  .  . 
Viburnum  . 

166ff.  170,  172f 

.  112 

.  Ill 

.  110 

.  110,  114 

.  64 

.  105,  113f 

.  96 

Viburnum  opulus  .  .  . 

.  107 

Vicia  faba  . 

40.  44,  77,  85 

Vicia  lathyroides  .  .  . 

.  Ill 

Victoria  . 

.  91 

Viola  reichenbachiana 

.  95 

Violet  . 

.  101 

Virus-like  syndrom^ 

.  37 

Virus  transmission  . 

.  60 

Vitis  spp . 
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